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LIST OF SYMBOLS 
A ss cross-sectional area of test column 
a = short dimension of a triaxial particle 
b =5 long dimension of a triaxial particle 
c = Intermediate dimension of a triaxial particle 
D = diameter of a sphere 
Dg = nominal spherical diameter of an irregular particle 
^kc ~ ®xp®ri"i©ntally determined turbulence factor for flow 
through compacted beds 
= experimentally determined turbulence factor for flov; 
through compacted beds 
Pp 5= experimentally determined shape and turbulence factor 
for relative motion of a solid particle and a fluid 
g = gravitational acceleration 
K =! Kozeny's constant for compacted beds, approximately ^.0 
KQ = Kozeny's constant for flow through expanded beds, 
approximately 2.55 for spheres 
L s= depth of an aggregate of solids 
L =r particle bed depth for computing porosity 
LQ = W/aS = M/AS 
Lp = particle bed depth for computing pressure gradient 
M = mass of particles 
iv 
/j P r= pressure drop 
R ss Stokes' drag on a sphere 
Re = Reynolds' number = Du^/^ 
5 = specific surface = surface area/unit volume of spheres 
u = fluidlzation velocity based on empty column cross 
section 
ss sedimentation velocity 
u' =! relative velocity betvjeen fluid and particles 
V = Stokes' velocity 
W =! weight of particles 
Greek Symbols 
^ = solid density 
6 = porosity 
X es viscosity 
^ = fluid density 
<P = F ^ /(L -6)® 
(j)' = 
vf = sphericity = surface area of a sphere 
' surface area of a particle 
sphere and particle have the same volume 
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ABSTRACT 
A modification of the original Ruth theory for fluidi-
zation and hindered settling of spheres was derived for 
treating the relative motion of fluids and expanded aggre­
gates of non-spherical solids. The modified theory retained 
the original Ruth assumption that the forces resisting the 
motion of a particle within an aggregate are the Stokes' 
law force acting on a single particle plus a frictional 
force analogous to that experienced by a fluid passing 
through a compacted bed of particles. This expression for 
the average relative velocity, u*, is 
The 1 + Pp term is a correction to the Stokes' law resistance 
for both turbulence and particle shape effects, 
Ruth suggested that the 1 + Pp term had the form 
sphericity, Ruth obtained the values of 1 + Fg from the 
data of Pettyjohn and Christiansen, 
<i)'(S -/ojg Da® 
s5MKe(l + + le^'d + Pp)><. 
where 1 + Fg vms a turbulence factor for 
spheres to correct Stokes' law, and was the particle 
vl 
An alternate expression for the 1 + Pp terra. In which 
the turbulence and particle shape effects are separated, 
was used in this work and it had the form 1 + Pp =s 
(1 + P^)_ f(Re), where (1 + P_)g is a shape factor modeled 
Jr ® C 
after an ellipsoidal shape factor. Since the correction 
factor (1 + Pp)a ellipsoids can be calculated by means 
of the Oberbeck Integrals, it can also be computed for non-
spherical particles by assuming that the particle is triaxial, 
and similar to an ellipsoid. The f(Re) term was determined 
empirically from the data of Malaika and Pramanik. 
The sphericity of Raschig rings, Berl saddles, and 
groups of $ mm. and 3 mra- spheres arranged into chains 
and pyramids, was determined experimentally from free 
fall studies of these particles in two fluids having 
viscosities of 2 and 2000 poises. The experimental 
sphericities did not check closely the theoretical 
sphericity for these particle types and the variation xvas 
quite large for a given particle. It v/as concluded that 
sphericity is not a good shape factor. 
The ellipsoidal shape factor (1 + Pp)g for galena, 
magneslte and mica minerals was computed from the three 
dimensions of the triaxial particles. The particle 
dimensions were obtained by direct measurement. It vias 
vll 
shown from measurements that the average particle dimension 
ratios were essentially constant. It vms also shovm that 
the ratio of the average intermediate dimension to the 
average screen opening was essentially constant. 
The galena, magnesite and mica ore v/ere crushed and 
screened into half-mesh Tyler screen sizes. The screened 
samples v/ere cleaned of fines and gangue in a water elutrl-
ator column. 
The experimental apparatus was designed so that both 
fluidization and permeability tests could be run in sequence 
on a given sample. 
The specific surfaces of the particles were determined 
from permeability tests. The mica specific surfaces were 
less accurate than the magnesite or galena because of 
con^action of the bed during the tests. Permeability data 
v/ere correlated by the method of Ergun, 
Fluidization and hindered settling tests v/ere made on 
the galena and magnesite in the size ranges greater than 60 
mesh. The data ii/ere correlated by the modified Ruth equation. 
Prom these data the Kozeny number KQ(1 + determined. 
A composite plot of the fluidization and hindered settling 
Kozeny number versus the modified Reynolds' number, 
ij.u/^/><(l )S, showed that the effect of non-spherical 
viil 
particle shape ivas to make the term KQ(1 + PJCQ) essentially 
independent of the Reynolds' niomber for completely fluldlzed 
beds. Non-spherical K^d values were somewhat higher 
than the value of found by Loeffler for spheres in the 
viscous region. 
1 
INTRODUCTION 
The suspension of a dispersed mass of solid particles in 
an upward flowing stream of fluid is termed fluidization. The 
reverse process, the settling of a dispersed mass of solid 
particles in a body of fluid at rest, is termed sedimentation, 
for dilute concentrations of the solids, and hindered settling 
for more concentrated suspensions. 
Two types of fluidization are recognized: batch fluidi­
zation, in which there is no input or v/ithdrawal of the solid 
phase, and continuous fluidization, in which the solid phase 
is continuously added and withdrawn. Small scale or laboratory 
fluidization is generally of the first type, while large scale 
or industrial fluidization is most frequently the second type. 
Commercial use of fluidization has had phenomenal growth 
in the last fifteen years. This growth has largely been em­
pirical, however, and the gap between practical knowledge and 
theory is rather large. As a consequence, research programs 
designed to study the fundamental mechanisms of fluidization 
have become of considerable Interest, 
Research on fluidization at Iowa State College was in­
itiated by Dr. B, P. Ruth in an atten5)t to solve the correlation 
difficulties experienced by Grand jean (19) and Peterson (i|.7) 
2 
In their work on llcuid-liouid spray columns. Ruth also 
recognized that such research might yield useful information 
on other tv/o-phase flov; systems of roughly similar charac­
teristics such as sedimentation and spray drying. 
Kie first phase of this research dealt with fluidization 
and hindered settling of solid, spherical particles in order 
to test the validity of a theoretical expression derived by 
Ruth (^2). Its verification was demonstrated conclusively 
under the experimental conditions (35). The second phase 
of the program, an immediate goal of the present work, was 
to extend the Ruth equations to the case of solid, non-
spherical particles having shapes commonly found in nature. 
It can be shown that equations valid for a system of 
spherical particles are rigorously valid for a system of non-
spherical particles only if the latter system is dynamically 
and geometrically similar to that for spheres. Thus the 
characteristic length parameter, or equivalent diameter of a 
non-spherical particle, must be related to the diameter of a 
similarly moving spherical particle by a suitable scale factor, 
usually termed the shape factor. If these shape parameters can 
be described, the flow characteristics of the system can also . 
be determined. 
This work will show that the use of a certain shape factor, 
derived from the known hydrodynamical behavior of solid el­
lipsoids, in conjunction with the Ruth theory, reduces a fluidi-
zed system of irregular particles to the case of a system of 
spherical particles. 
3 
THEORY OP PLUIDIZATION AND HINDERED SETTLING 
Fluid-solid particle systems may be conveniently sepa­
rated into tv/o categories: compacted bed, and dispersed bed 
systems. Superficially, it might be stated that the fluid 
flow characteristics of these two systems are uniquely differ­
ent, based on the assumption that although the particles in a 
fixed or compacted bed have, obviously, complete static re­
straints, a dispersed system has no restraints vjithin its 
boundaries. This latter statement appeals particularly to 
a description of the apparent randomness of particle motion 
in a fluidized bed. 
From Ruth's theory, and its experimental verification, 
this dichotomy is not valid. In fact, the principle postulate 
in the Ruth development is that in a dispersed fluid-solid 
system there are dynamic restraints on the particles analogous 
to the static restraints in a compacted bed. The dynamic re­
straints impose a loose stnicture, in a macroscopic sense, on 
the dispersed system. The agitation of a fluidized bed is 
thus interpreted as oscillations about some preferred orien­
tation of particles which characterizes the structure, 
Ruth's theory thus allows for a smooth transition between 
fixed bed and expanded bed flow. As a consequence, the litera­
ture on fluid flow through compacted beds becomes of great im­
portance to the development of the mechanics of dispersed 
H 
fluid-solid systems. The explicit formulation of the Ruth 
theory will be given in a separate section. 
Review of the Literature 
Flow through compacted beds of particles 
The classical equation for single phase fluid flow through 
a compacted bed of particles was derived by Josef Kozeny (31) 
in 1927« His original expression for the superficial fluid 
velocity, that is, the velocity based on the cross sectional 
area of the en^jty test column, was 
3 
U s 0 • ^ ^ (l) 
JN ^ML 
1 
where 
JP = fluid pressure drop through the particle bed, 
gm./sq, cm, 
g = gravitational acceleration, cm,/(sec.)(sec.) 
L = depth of particle bed, cm. 
M = fluid viscosity, gm./cm.-sec. 
= porosity of the particle bed, cu,cm.voids/ 
cu.cm. packed vol. 
*^ 2. ® specific surface, sq.cm/cu.cm. packed vol. 
c = constant of approximate value 0,$$. 
5 
/ 
r 
The Kozeny equation v;as derived Independently by Pair 
and Hatch (17) in 1932* and by B. P. Ruth (5l) In 1933- A 
form of the equation appears to have been knovm by Blake (l) 
in 1920. 
The equation was extensively studied by P, C. Carman 
(7* 8, 9)* particularly as to its use in computing surface 
areas of fine powders. His expression for Kozeny's equation 
is widely used, and is given by 
u = (2) 
5(1 - 6)s® XL(i -e ) 
where, in addition to the nomenclature for equation 1, S is 
the specific surface of the solids in sq.cm. area/cu.cm. of 
solids. The number five in the denominator of equation 2 
v/as given by Carman as the value of the constant in the 
Kozeny equation for viscous flow through randomly packed beds 
of spheres and irregular particles. 
The form of Ruth's expression which is most useful for 
development of fluidization equations, is (52) 
u =  ^^  . '"'g (3) 
1 - € 36 Z.M- W/AS 
where in addition to the notation for equation 2 we have 
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K = a function of the Reynolds' number 
= ^.0 In the viscous flow regime 
Dg =r spherical diameter, cm, 
W = weight of spheres In the bed, gms. 
A as cross-sectional area of the test column, sq.cm. 
Equation 2 Is only valid for viscous flov/. It can be formally 
extended Into the turbulent region by replacing the number 
five In the denominator by the empirical parameter K. Equation 
3 Is not limited to viscous flow either theoretically or In the 
value of K. 
The fact that the parameter K was not quite constant even 
In the viscous region was known to Kozeny, and he deduced that 
It depended to some extent on the orientation of the particles 
In the bed. As orientation determined the actual path of the 
fluid In the bed, Kozeny wrote 
where LQ = effective length of path of the fluid, 
KQ = a constant. Independent of orientation. 
Sullivan and Hertel (55) developed this Idea further by 
examination of the average length of fluid path through three 
types of geometrically regular particles which x^fere amenable to 
calculation. They defined an angle betv/een the normal to the 
fluid-solid Interface at any point, and the direction of the 
superficial flow. Calculation of the average sln^ (j) for all 
points along the fluid path permitted the defining of a parameter 
7 
^ a (sln^ S ) 
T 'avg. (5) 
Then analogously to the Kozeny equation Sullivan and Hertel 
wrote 
where they found KQ « 3 for all cases considered. 
In a recent article (10), Coulson extended the procedure 
of Sullivan and Hertel to probable orientations of other regular 
geometrical shapes. Coulson also verified the calculations 
with previously iinpubllshed data from the laboratories of the 
University of London. His calculation of K was based on 
s= 3. The calculated data of some in^jortant shapes are 
given In Table 1. 
The constant value of KQ t= 3 is significant in that it 
agrees closely with the K value found by Martin# McCabe, and 
Monrad (1^3) for viscous flow through an orthorhombic packing 
of spheres. The careful work of these investigators showed 
that the use of €/S^ (1 -€) for the hydraulic radius is valid 
only when the packing is random, and that the important vari­
able in uniform packing is the minimum area of the pores in 
the direction of flow. They found that orthorhombic packing, 
with a minimum pore area of ?1.1|5 per cent in one direction 
and 9*3^ per cent in the other, had a K value of 2.55 in the 
first direction and I6.9O in the latter direction. 
K = V? (6) 
8 
Table 1. Variation of Kozeny constant for orientations 
of several particle shapes 
Kozeny Calculated 
Packing Constant Parameter 
Type K 
Spheres'' 4.5 
Cylinders normal to the 6.0 1/2 
flow® 
Cylinders parallel to the 3,0 1 
flow® 
Cube, face normal to the U,^ 2/3 
flow" 
Rectangular plate, 9 1/3 
1/4" X l/l|" X l/l6", normal 
to the flow" 
Rectangular plate, 3 1 
1/4" X 1/4" X 1/16", 
parallel to the flow® 
Rectangular plate, l5 l/^ 
1/4" X 1/4" X 1/3?", 
normal to the flow" 
Rectangular plate, 3 1 
1/4^  X 1/4" X 1/32",^  
parallel to the flow" 
®Data of Sullivan, R. R., and Hertel, K. L. (55) 
^Data of Coulson, J. M, (10). 
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A randomly packed bed of solid particles gives constant 
and consistent K values in the viscous region as is shown by 
the data of Burke and Pluramer (6), Brownell et al (ij.), and 
Canaan (?)• The data of these workers extended into the 
transition and turbulent zones of flow, and calculations 
using their data show that the Kozeny parameter rapidly 
increases with increasing flov; rate beyond the viscous 
region. Figure 1 illustrates the effect of turbulence on 
the parameter. The ordinate in Figure 1 is the axis for 
Kozeny parameter values, plotted as the dimensionless group 
K (1 + FJJQ), By us© of this notation, K can be considered 
as a true constant vrith the value it possesses in the viscous 
region, v;hile (1 + Fj^^) is a scale factor measuring the extent 
of turbulence. Obviously, Fj^^ vanishes for very small flow 
rates. 
Sabri Ergun (l5* l6) has developed an interesting modi­
fication of the Koseny equation for extending the Reynolds' 
number range in which the equation is valid. Ergun's basic 
equation is: 
K/\S^ (1 + /5^u^ S (1 )/de^ (7) 
where AV/L t= pressure gradient through the bed, 
dynes/s q. cm. - cm. 
Figure 1. Correlation of Kozeny's constant with 
Reynolds* number for flow through com­
pacted beds. 
J 
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K r= Kozeny's constant 
u ss superficial velocity in empty colTOinn, cm./sec. 
Equation 7 can be rearranged to give 
^ = _K_ s% ° (8) 
/(LGA (1-6) ^ 8^ 8 gA ^(1-6) 
where G ss mass flow per unit area of empty column, 
gms. 
sq« cm.-sec, 
A = cross-sectional area of column, sq.cm, 
and 4P/L in equation 7 has been replaced by its equivalent 
4 h |0 g/L, where 
Ah ss pressure drop across bed, cm. of fluid flowing 
/c = density of the fluid, gms./cu.cm, 
g = gravitational acceleration, cm./sec.-sec. 
For any given fluid-solid system, equation 8 is a linear 
algebraic expression for the variables A h^ ^ ^/tiLGk (1 -6)^ 
and G//<(1 -€), regardless of changes in porosity and temper­
ature during an experimental permeability run. Ergun tested 
an equation analogous to equation 8 with data from a number of 
experiments using gases and liquids flowing through a wide 
variety of solid materials. He found that the calculated 
data plotted linearly as was predicted by his equation 8. 
The Kozeny equation, and its Ergun modification, is by 
no means the only expression for the permeability of porous 
12 
beds. The principal variation between the Kozeny equation 
and others is in the porosity function. Happel (21) has 
given as the porosity function the expression 
f (^) x= (1 -6^)^ (9) 
v;hlch he shovfed to be approximately valid for porosity ranges 
from thirty to fifty per cent, Happel*s function was obtained 
by an approximate solution of the Navler-Stokes equations for 
flow through a sv;arm of solid spheres. Considering the 
assumptions that Happel made in order to linearize the inter­
action effects betvjeen the spheres, Happel's results are no 
more "theoretical" than Kozeny's. 
The difficulty in deciding which is the best porosity 
function stems from the extreme sensitiveness of these functions 
to small changes in porosity. 
The free fall problem and boundary effects 
The free fall velocity of a solid particle in a stagnant 
fluid represents a limiting velocity for dispersed systems. 
The classical expression for the fluid resistance to the 
steady motion of a slowly settling sphere is the Stokes' 
equation (33)s 
R =: 3 VG D (10) 
13 
where R = resistance, gra.-cm./sec,^ 
V_ s= velocity of the particle, cm./sec. 
/< s= viscosity, gra./cra.-sec. 
D = diameter of sphere, cm. 
The restrictions on the Navler-Stokes equations which 
lead to equation 10 are very stringent, the most Important 
being the necessity of very slow motions, i.e., Reynolds' 
numbers being less than 0,0$, and the fluid being infinite 
in extent. Numerous workers have attempted to describe the 
Influence of a finite boundary an^or Reynolds' numbers 
greater than unity on the resistance. Most previous work 
on free fall velocities is, however, of questionable accuracy 
due to experimental errors arising principally from lack of 
adequate temperature control and undetermined boundary effects, 
Recently Davies (12) published a study on the fall of 
spheres in essentially infinite fluids. His work consisted 
of careful selection of the beat work in the literature for 
use in deriving an equation relating the Reynolds' number 
with the drag coefficient. He obtained his analytical 
expressions by applying the method of least squares to the 
chosen data. Davies divided the whole range of data into 
two convenient regions, which resulted in the following 
expressions; 
IH 
1, For Re < 1|, 
Re = Gj^ Ee^ /2k - 0.000 23363 (CjjRe^ )^  
+ 2.01$k (10'^ )(Cj3Re^ )^ - 6.910^  (lO"^ ) (CjjRe^ )^  (11) 
2, For i| ^  Re < 10^, 
-1.29536 + 0.986 log C^Re^- O.Oif6677 (log C^Re^) 
+ 0.0011235 (log CpRe^)^ (12) 
where by definition 
Re = DVg p/M. 
0[)He® = 4g d3/>(S 
McNoivn and co-workers (36# 37» i|0) at the Hydraulic's 
Laboratory of the State University of lovia studied the effect 
of boundaries on the free fall of spheres over a wide range 
of Reynolds' numbers from the viscous to the fully turbulent 
domain. They expressed their correction to the Stokes' 
equation by 
where the factor (1 + Fg) is a function of both Reynolds' 
niimber and the boundary ratio D/D^j, vjhere is the diameter 
of the cylindrical test vessel. Within the viscous region# 
and for boundary ratios less than 0.25# they found that 
R jtA. UD (1 + Fg) (13) 
(1 + F_) = 1 + 9 + 
® k Db 
(11^ ) 
15 
and for boundary ratios greater than 0,95 they found 
(1 + P ) s 3 (1 - (15) 
8 Db ^ 
held in the viscous region. 
For higher Reynolds' numbers, v/here inertial forces are 
not negligible, no analytic statement could be found equivalent 
to equations llj. and l5. In this range McNown and co-workers 
plotted parametric curves of the data with (1 + P^) as a 
function of D/Djj for various Reynolds* number. The upper 
limit of the Reynolds' number studied by the Iowa University 
group was about one thousand, 
Pettyjohn and Christiansen (i|.8) studied the free fall of . 
small particles, including spheres, in very large columns of 
v/ater and aqueous glucose solutions. The Reynolds' number 
range was very large, having an upper limit of about 22,000. 
Prom this data, calculated values of (1 + Pg) compared favorably 
with those of McNown and co-workers found by extrapolation of 
D/D J^ of zero. 
The free fall problem and the effect of shape parameters 
The first attempt at defining the effect of non-spherical 
shape on the settling velocity of natural particles was given 
by Wadell (63). He developed concepts of sphericity and 
circularity which proved to have valuable hydrodynamic 
16 
characteristics. He defined sphericity as 
sVs = ^  (16) 
where s' la the surface area of a sphere having the same 
volume as the particle, and S the actual surface area of the 
particle. Since the measurement of ^ proved exceedingly 
difficult for most natural particles, Wadell developed a 
closely correlated concept which he called circularity, 
defined by 
C'/C = i (17) 
where C* is the circumference of a circle having the same 
cross-sectional area as the particle (a camera-luclda Image), 
and C Is the actual perimeter of the cross section. As an 
approximation, may be replaced by ^ when the sphericity 
Is greater than 0.7* In another paper, Wadell (6l|.) presented 
a method of utilizing these shape factors in calculating the 
drag coefficient and Reynolds' number of an irregular particle. 
Heyv;ood (27) recommended the use of a coefficient of 
resistance based on the projected area of the particle normal 
to the path of the particle in its most stable position. 
Heywood's proposed "volume constantis defined as 
k = W/SDjj3 (j^ g) 
17 
where W is the mass of the particle, S its density, and 
the diameter of a circle having an area equal to that of 
the projected area of the particle. Heywood presented data 
for five different shapes, including spheres, having k values 
from 0.1 to 0.^2, but which vjere not othervdse specified. 
The Reynolds* number range v;as from 0.1 to 1000. The volume 
constant k adequately correlated the data. 
In a later paper, Heywood (28) presented an interesting 
discussion on the meaning of raesh size in defining the diameter 
of a sample of screened, irregular particles. Although a 
definite answer could not be given, he concluded that the 
screen size was an indication only of the middle dimension 
of the three mutually perpendicular axes of a particle. 
The experimental results of Pettyjohn and Christiansen 
(1|.8) on free fall of isometric particles in liquids were 
correlated by the shape factor 
(1 + P )a = (19) 
P I NP 
s 
For any given particle shape this factor was constant in the 
viscous region. Its relation to sphericity is given by 
(1 + y, = ( 2 0 )  
18 
f?uth (52) applied the turbulence correction factor 
(1 + P„) of equation 13 to one of the tests of Pettyjohn 
and Christiansen on the free fall of cube octahedrons In 
order to separate the turbulence effect In equation l8 
from the shape effect at high Reynolds' numbers. He found 
that a semi-logarithmic plot of 1/(1 + Fp)g against Reynolds' 
number showed that outside the viscous region (1 + ^p)a 
decreased to a minimum and then steadily increased. Ruth 
attributed this behavior in the turbulent zone to particle 
spin. 
McNown, Malalka and Pramanlk (38, 39) recently published 
the most complete and careful study to date on the effect of 
particle shape in the free fall of solid particles. ^ 
In the first of two programs, Malalka (4?) solved the 
integral equations of Oberbeck (i+6) to obtain the correction 
factor (1 + Pp)a Stokes' equation for the very slow 
motion of ellipsoids. The correction factor was given as 
(1 + Pp)s = l6/3Dg (o{+i3 ) (21) 
where c/ and ^  are the Oberbeck integrals 
OO 
(?2) 
o 
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and 
/3 « i/(a2 + X) v/(a2 + X)(b2 + x)(c^ + X) ]dX (23) 
O 
Values &, b, c are the semi-axes of the ellipsoid, and Dg is 
the equivalent spherical diameter given by 
Dg = 2 (abo)^/^ {2k) 
Motion vjas defined in the direction of the semi-axis a. 
The use of this correction factor modified the Stokes' 
resistance to 
R = 3 IT/^u Dg (1 + Fp)s (25) 
from which the correction factor becomes the ratio 
(1 + Pp)g = V/u (26) 
v;here V is the Stokes' velocity of a sphere of the same volume 
as the ellipsoid. 
Explicit solutions of the integrals c< and fi are repro­
duced in Table 3 from the paper of McNovm and Malaika (38). 
F (^,k) and E ,k) are Legendre's standard forms of the 
incomplete elliptic integrals of the first and second kind, 
respectively. These integrals are usually solved numerically, 
and tables of P and E are given, for various values of the 
arguments, by Jahnke and Emde (29)# and by Legendre (3i^). 
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Tabla 2. Solutions of th« Oberbeek integrals and ^  
1. a • b a c : o( 
2* as^^ot o( 
6. a > b > c » 
?• b ^ c ? a I 
2/a ^ « 2/3a 
3. aiBC<bj o( z 
I*, a >b • c I ^ s 
5* a<^bsc: o< = 
o( = 
o< • 
1 = 
8. b^a>cj 
4,= 
/ 2 2^ \/ a — c 
2 
Y/g2 _ 
2 P(<()i, k^ )/ \/a^  -
-1 A2 ^ 
sin v/* - ^  
a 
2F((i(?2, 1^ 2) 
tan'^ 
\/a2 
—1 
c2 
e 
tarih"^ v/b2 a2 
b 
tanh"^ - c2 
a 
tari"^ v/c® -
a2 
sin .1^ 2 . a2 
s ^(4^3 
b2.c2 
1 .11.2 ^  ^2 
 _ sin-^  
3 b 

ad 13 
-e2 
-•a 
-
-a2 
. ^ = 
a 
a* 
J /H = 
I ^ = 
(a2 
-
a® 
-
2a^  
(a2 1 0 ro
 
ro
 
2a2 
tan-^  //a2 - ) - /?7J ) 
b /b^  - a^ ' 
- tanh 
-l>/?7a2 
(c4 - .S)V2 
f 
t^anh^ v^/*2 ~  ^ \ 
V a a 
) 
-1 >/ ©2 - a2 
J k, = 
i A = 
J — 
) 
- 2&^[N(F>L, V - V3/(a^  - b^ )/a^  - c^  
/ 
a2.b2 
a2-c2 
2a* 
c2 - a2 I ab f . kg) - .2 
/ b2-o2 5^TI5" 
s 2a' 
a2-c2 
r _jL£i,^ 3' ^3^  - (^ 2 - 3^) - J. 1 
/. ^ 1)2 - a2' b^2 - a2* ab J 
J k3 = I/kg 
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Malalka was Interested In particles with two axes of 
symmetry, and experimented with circular cylinders, square 
prisms, double cones, and spheroids with axis ratios if: 1:1, 
1:1:1, and 1:1 :i|.. The particle shapes thus varied from long 
and slender to flat and thin. It was shown that the various 
shapes obeyed quite closely the resistance equation for 
spheroids In the viscous region. Beyond the Stokes' region, 
Reynolds' number became a variable In computing the correction 
factor. As a first approximation 
At higher Reynolds' numbers, the particles oriented themselves 
so that their maxlraura projected area was normal to the direction 
of motion. This effect seemed to reduce the Importance of 
secondary shape effects v/hlch viere functions of the ratio 
b/c. Curves of equation 26, that Is, (1 + Pp) plotted 
against Re with a/>/bc^ as a parameter, held well for shapes 
of the same value of the parameter, whether they were prisms, 
double cones, or cylinders, 
Malalka definitely showed that shape factors concepts 
such as sphericity and volume constant, are poor concepts for 
particles that are far removed from spherical or near-spherical 
shapes. An excellent practical advantage of Malalka's con­
clusions Is that the three pe2T)endlcular dimensions, a, b and 
(27) 
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c, are relatively easy to measure with a micrometer, for 
large particles, or with a filar micrometer for small 
particles. On the other hand, the volume, surface area 
or projected area of irregular particles are very difficult 
to measure with any accuracy, which renders uncertain the 
use of sphericity or circularity as shape parameters. 
Following the work of Malaika, Pramanik (ij.9) conducted ^  
a series of tests using triaxial particles. Two shapes, 
rectangular prisms and double pyramids, were chosen, with 
the axis ratios 8:1:1, 8:2:1, 8:Ii.:l, and 4:2:1. 
Pramanik confirmed the observation of Malaika that 
there is no most stable orientation for the viscous fall of 
a particle have three mutually perpendicular planes of 
symmetry. Within the Stokes' range, the experimental 
values of the correction factor (1 + Pp)g varied at most 
per cent from the curve for ellipsoids given by Malaika. 
In the turbulent zone, Pramanik gave a series of curves 
of correction factor versus Reynolds* number with the ratio 
a/^b^ as parameter, the particle semi-axis a being the 
dimension in the direction of motion. Pramanik also con­
cluded that the ratio a/v^ bc^ was the most important parameter, 
and the ratio b/c the most inqjortant secondary effect, 
Helss and Coull (26) studied the effect of orientation 
and shape on the settling velocities of non-isometric particles 
in viscous media. Their data on the fall of cylinders and 
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rectangular shapes substantiated the conclusions of Malalka 
and Praiaanlk that sphericity Is not a good shape factor. 
They also found that experimental values of the expression 
(1 + Fp)g agreed closely v/lth the theoretical predictions of 
Gans (18), who calculated numerical solutions of the Oberbeck ^ 
Integrals for the special case of ellipsoids of revolution. 
Theories of dispersed systems 
The theoretical formulation of the sedimentation 
process has received much attention because of Its Interest 
In physical chemistry and biology, as well as In chemical 
engineering. A complete review of this restricted topic Is 
outside the scope of this thesis. The following survey has 
been selected because of Its special Interest to this work. 
The mechanism of hindered settling is essentially the 
same as fluid!zatlon. This has been demonstrated (35) by 
showing that the results of hindered settling experiments can 
be correlated by the theory for fluldlzatlon. 
The mathematical formulation of the sedimentation process 
ranges from complete rigor to complete empiricism. The rigorous 
approach has the unavoidable defect of generating equations 
impossible to solve In the general case. As a consequence, 
simplifications are introduced which limit the usefulness of 
the final solutions. By restricting the sedimentation system 
to spherical particles and Stokes' range velocities, expressions 
have been formulated for the sedimentation velocity which 
give values that check reasonably well vdth experiment, 
A number of workers have treated sedimentation by modi­
fying the Stokes' force on a small sphere to take into account 
the velocity fields caused by the motion and presence of 
neighboring spheres, and the upv/ard return flow of fluid in 
the finite sedimentation vessel. Burgers (5) gave as his 
final result 
i (28) 
^ 1 + (1 -e)(A J + A J J.) 
where u Is the sedimentation velocity, V the Stokes* velocity, 
and ^ the porosity. The coefficients A J and A represent, 
in general, the effect of the presence and motion, respectively, 
of other spheres on the settling rate of a given sphere. For 
a random distribution of spheres. Burgers found that 
Aj = 1$/Q, and 
Kermack, McKendrick and Ponder (30) started v/lth Stokes' 
equation for resistance and allowed for the upv/ard displacement 
of liquid in a finite container. They developed the expression 
E = 1 - 7.1 (1 -€ ) (29) 
v;hich is almost identical v;lth Burger's equation at high 
porosity. 
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/ Hawksley (2^) modified Stokes' resistance equation by 
the substitution of the bulk viscosity expression of Vand 
(61) for the liquid viscosity, and concluded that 
H exp| - k (1 -^: )/ 1 - Q (1 -C ) f (30) 
where the shape flactor k and the interaction constant Q 
have the values 5/2 and 39/^k* respectively, for suspensions 
of equal sized spheres. For high porosities, equation 30 
becomes 
^ = 1 - (1 - f*) (31) 
V 
which predicts higher settling velocities than Burger's 
equation 26, 
y Brinkman (2, 3) modified the Navier-Stokes' equations 
by introducing Darcy's permeability relation 
« = - — grad p (33) 
F 
where p is the pressure, u the fluid velocity vector, and 
the permeability coefficient. He obtained the solution of the 
sedimentation velocity ratio as 
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v/here D Is the spherical diameter, and the permeability 
coefficient calculated for an expanded bed is 
^ <3U) 
Happel and Byrne (23) considered the case of a system V-'' 
of fixed, cubical assemblage of uniform spheres kept in a 
suspension by means of a flowing liquid. They arrived at 
the expression of pressure drop, Pg, across the suspended bed 
of height L, as 
Pg = 36 (1 - f )^ uL/D2 (3^ ) 
Richardson and Zaki (50) obtained the expression 
R=37^uD/<5'^ (36) 
for the Stokes* force on a particle in a suspension, where 
empirically 
/3^  = 
jy' Steinour developed a unique expression for sedimentation 
velocity in the viscous region by substituting for the pressure 
drop terra in Kozeny*s equation the buoyant force of a suspended 
mass of spheres 
= 7?— (38) • 
AS 
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where V/ is the mass of the spheres, and A the cross-sectional 
area of the test vessel. The resulting equation 
u =  ^^ )^g (39) 
1 - ^  36 K /< 
adequately predicted the viscous sedimentation velocities of 
fine-pearl tapioca particles and small glass spheres. 
It can be seen from equation 39 that for high porosities, 
the sedimentation velocity should increase without limit, 
Steinour foxmd that the empirical relation 
a = e® (1 - 6) ^ 
V 
held over the whole porosity range of his data. 
Uchida (60) applied the Navier-Stokes equations to a V 
suspension of slowly settling spheres, and arrived at an 
expression for the velocity ratio as 
n = (9A)(1 - A)(l - AV(g/in(i . , u (1,1) 
= 1/P (4la) 
The values A  , U/U^, and P are rather complicated functions of 
Uchida's boundary conditions. These values are tabulated by 
Uchida from which the u/V ratio can be readily computed for 
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various porosities, Happel (22) has given an abstract of 
a translation of TJchlda*s article with the essential raathe-
raatloal development, 
Happel and Epstein (Slj.) con^ared experimental data on 
cubical assemblages with the theoretical predictions of 
Happel and Byrne, Uchlda, Hawksley, and Brlnkraan, and with 
Steinour*s empirical relation, and found that the correlations 
of Brlnkraan and Steinour fit the experimental data quite v/ell. 
The same conclusion was reached using the data of Verschoor 
(62) and Mertes and Rhodes 
Ruth (52, 35) developed an In^ortant new expression for 
fluldlzatlon and hindered settling by relating the pressure 
drop term In Kozeny's equation to the total surface drag on a 
dispersed mass of spherical particles and to the buoyant force 
of the suspended solids, Ruth's expression for the ratio of 
slip velocity to the Stokes* velocity for a single sphere Is 
where Is the Kozeny constant for expanded beds In the 
(42) 
viscous region, and 
Discussion of Existing Theory 
The theory of fluldlzatlon and hindered settling of 
B, P. Ruth (52) Is not a rigorous development In the sense 
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of Burger or Happel. It does have essential similarities 
In its potulates, however, to the work of Brinkraan and 
Stelnour. 
It has been mentioned that Brinkraan used Darcy^s 
permeability equation to correct the Navier-Stokes' 
equations for the presence of a sivarra of spheres. Happel 
and Epstein criticized this approach since Darcy's equation 
is empirical. This appears to be a strange objection because 
the derivation of the Navier-Stokes' equations themselves are 
based on the use of the empirical Nexiftonian shear equation, 
and on an analogy to the mechanics of elastic solids (33)-
A more valid criticism of Brinkraan's derivation is that 
Darcy's equation is not as good a permeability correlation 
as Kozeny*s, since Darcy's equation does not explicitly give 
the functional relationship of pressure drop with porosity, 
Ruth started his development by replacing the pressure 
drop term in Kozeny's equation by a Stokes' resistance terra. 
Thus the pressure drop across the expanded bed is 
<iXPg » )g - -S- (Stokes' force/sphere) (]:|3) 
A o A 
where N is the number of spheres in the expanded bed. Substi­
tuting the Stokes' resistance equation 10 into equation ij.3* 
and replacing N by its equivalent in terras of mass and diameter, 
Ruth obtained 
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4Pg a JW ( 3 - /o )g - _W ^ —6 ^ 3TrAu*D (1|U) 
a5 AJ^  P 
where u' Is the slip velocity between fluid and particle, 
Dg is the nominal spherical diameter, and Dp is the diameter 
of the sphere having the same surface as the particle. 
By using the relationship 
(ItS) 
where ^ is Wadell's sphericity, and substituting equation 
J|)| into the modified Kozeny equation 3* Ruth derived the 
expression 
u> = ^ 
cj) + 2K/ 
(il.6) 
for fluidization and hindered settling in the viscous region. 
In equation i|6 
<b' = (It?) 
1 - & 
and 
u' = u/e (48) 
The velocity u is the superficial fluid velocity, based on the 
empty column, in fluidization, or the observed sedimentation 
settling velocity past a fixed datum plane. As the porosity 
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approaches unity, (|>' approaches infinity as a limit. The 
limit of the right hand sido of equation then approaches 
unity, which implies that 
as f -^1 
Thus at Stokes' condition of an Infinite solid dilution, 
equation ij.6 is valid. 
For turbulent flow through a porous bed, Ruth wrote 
Kozeny's equation as 
u'(l + F,jg)= <!>' (1,9) 
36 K ALq 
where u* is the actual fluid velocity through the interstices 
of the porous bed, LQ = VJ/a6 , f S= a shape factor such that 
f r= surface area/unit volume of spheres 
surface area/unit volume of particles 
and 
where and are the dimensions of the openings of the 
standard screens that consecutively pass and retain the 
particles, and is an experimentally determined turbulence 
factor for flow through compacted beds. Ruth also showed that 
f Dp = r 
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It Is again asstiraed that the drag on the mass of 
suspended particles Is the sura of the drag on the Indi­
vidual particles. Thus In the turbulent region 
S (drag/particle) = —^ (ITTAU'D (1 + P,)) (Si) 
A A ^ TTDg^ 8 
- l8W/^ u'(l P.) ,5^ ) 
where (1 + Fg) Is the turbulence factor for single spheres 
calculated from the data of Pettyjohn and Christiansen. Then 
by analogy to equation Ruth obtained 
APg = W (6 - ^ )S - •*- Fff) (53) 
AO A6 /p 
Substituting equation 53 Into l^9» and using equation 5<3» be 
obtained his basic expression for fluidization and hindered 
settling 
ku (1 + Z) « (5U 
where all quantities are dlmenslonless v;lth the follovdng 
definitions; 
ky « Da u ^ (1 Fs) 
{1 - Y)\/P 
= S DgV -^)/° (5^) 
16 
Z = ? (57) 
(1. p.) 
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where Y Is the concentration of particle aggregate on a 
volume basis, Is the Kozeny constant for an expanded 
bed, and 1 + Pjj® Is the experimentally determined turbulence 
factor for flpw through expanded beds, analogous to 1 + 
for compacted beds. 
The stepid.se derivations of the above Ruth equations, 
and the proof that they extrapolate to Kozeny*s equation at 
low porosity, and to Stokes' or Stokes' modified equation at 
unit porosity, has been given In the thesis of Loeffler (35). 
Ruth's correlations for the limiting case of spherical 
particles were tested In this laboratory. Barium glass, 
polystyrene spheres, and lead shot, were fluldlzed and 
settled In water and ethylene glycol In three different 
diameter glass columns. The results of these tests are 
plotted In Figure 2. 
Ruth's correlations should give a single curve, 
Kg(l -f Pj Q^) = f (Re/^  - ^ ), as the envelope of the plotted 
data. The envelope of Figure 2, however, cannot be determined 
precisely and Ruth suspected wall effect as the complicating 
factor (52). Nevertheless, the correlation appears to Indi­
cate the general validity of the Ruth equations. It should 
also be noted that although there Is a definite Indication 
of an envelope for the data on small sphere sizes, there is 
no Indication of this tendency for the two large size glass 
Figure ?. Correlation of experimental Kozeny 
constant for expanded beds as a 
function of modified Reynolds' 
niunber. 
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spheres, at least to the limit of the given data. At present 
there is no explanation for this paradox. 
It is not certain that the existence of wall effect upon 
the above tests is conclusive. "Ehore is a slight effect for 
the two large glass sphere sizes as can be seen in Figure 3. 
The difference in velocities for a given sphere size is seen 
to be slight. It is questionable whether such an effect can 
even be detected for smaller size particles. 
A comparison of the previous formulations for viscous 
sedimentation with Ruth's theory should be of Interest, On 
Figure 2|. the equations of Burger, Stelnour, Ruth, Uchida, 
Brinkman and Hawksley have been plotted for the ratio of 
viscous sedimentation slip velocity, u*, to Stokes' velocity 
V for a single sphere, as a function of the porosity, ^  . 
The experimental data of Stelnour (Bh) ^*03? pearl tapioca 
spheres in petroleum oil, Happel and Epstein (?i).) for fixed 
cubic assemblage of spheres, and Loeffler (35) for ground 1^ .8 
mesh barium glass spheres in ethylene glycol, have been 
plotted in Figure 5 together xidth the correlations of Hawksley, 
Ruth, Stelnour, Brinkman and Uchida. It is seen that Ruth's 
correlation la the best fit for the data of Loeffler and 
Stelnour, while Brinkman's is best for the data of Happel and 
Epstein. Stelnour's empirical correlation fitted best his 
tapioca tests, and results of sedimentation of microscopic 
glass spheres in water. 
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Modification of Existing Theory 
The Kozeny equation for turbulent flow through a 
compacted bed of particles is 
U- = , (58) 
(1 -^)S^ K(1 + -^) 
The following expression is obtained 
«• = <b' ^ (59) 
s'^ d + Pko'-^  
by the substitution of LQ = L (1 and c)>' = 6?^ -€j . 
and LQ SS W/A S > into equation 58. The terra LQ is considered 
as the depth of a bed of particles of mass W, and density S > 
if they were compressed or melted in the column of area A 
so that no voids remained. 
For an expanded bed of particles the Ruth hypothesis 
for the pressure drop is 
^ Pg = -Ji- (S -/®)g - i (Stokes' force/particle) (60) 
AS '  A 
where the number of particles N =  6 w /7r A  ^Dg ,^ and the Stokes' 
force per particle is 
R= 3 7r/<u* Dg (1 + Fp). (61) 
The factor (1  + Fp) corrects for both turbulence and non-
spherical shape. 
Ill 
The expression 
I S » 
u 
+ Pfce) L 
18 u'd t (62) 
V •' 
is obtained by the substitution of equation 6l Into equation 
60, followed by the substitution of equation 60 Into equation 
59. The general relation for the slip velocity of a fluldl-
zatlon process Is 
u' K j)'(S-(°)g T>/ 
+ 1 ®  4' ' ( 1  *  
v;hlch Is obtained from equation (>2, In the viscous region, 
equation 63 becomes 
u' = 'i' 'U-I°)s (64) 
4J' (1 + Pp) 3  ^  
v/here (1 + P_)_ Is the Stokes' correction factor for shape, 
P 0 
The Stokes' velocity for a single particle In very slow 
motion Is given by 
V = ^S ( ^  '1° ) & 
iQ/iil + Pp)g 
Ihe velocity ratio 
u'/V = 4-! (66) 
, d>-
Is obtained by dividing equation 6i| by 65. Equation 66 Is a 
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modification of the original equation i|.6 of Ruth. 
From equation 63 the Kozeny parameter is 
Kgd + ^ 
S2 
( ^ )8 _ 16 (1 H- Fp) 1 (67) 
M- u* D_^ i 
which is a valuable correlation as it allows the Kozeny 
parameter to be calculated at given experimental conditions. 
Comparison may then be made with the experimental curve 
Kg(l + "P-^Q) versus Re/^ -€j given by Loeffler (35) for 
spheres. 
If equation 63 is multiplied by the denominator of 
the right hand member, one obtains the relation 
S^u'^Kgd + Fi^g)Dg^+ 18(|)'(1 + Fp)^u'= ((>'(5 '/^)b 
2 I t 
Again, if equation 68 is multiplied by Dg^/l8/<. (p , 
I 
and if Dg u ^  (1 + F^)/yU. is factored from the left hand 
member, the expression 
DauVd <• Fp) 
A<- (1 + P ) 18 cj,' 
is obtained, which is analogous to Ruth's basic equation $l\.. 
Comparing equation 69 with equation 5i|-» it is seen that the 
right hand member of equation 69 is the dimensionless group 
Ky of equation 56. The left hand member of equation 69 
contains the modified dimensionless groups 
k3 
k^ ' - (55') 
and 
Z- » K.(l  ^  F^.) D,%g ,5/, 
(1 + Pp ) 18 (^ ' 
analogous to equations 55 and 57. 
Hie difference between equations 55 and 55*# and equations 
57 and 57*, is the form of the particle shape factor as combined 
with the turbulence correction factor. A comparison of equations 
and 5l with equation 6l shows that 
(1 + Pp) = (1 + Fg)/y'^ (70) 
It must be enqjhasized that equation 70 is not necessarily valid; 
the equation merely indicates the formal connection betv/een 
the present development and that of Ruth. On substituting 
Wadell's (63) relationship for the specific surface 
S = 6/tDg (71) 
and the slip velocity relation 
n = u/e = u/5 - r] (7?) 
together with equation 70, into equations 55* and 57*, Ruth's 
dimensionless groups ky and Z, equations 55 and 57* respectively, 
are obtained. 
ia^  
Ruth realized that for flow through compacted beds 
of particles the diameter and velocity terms In the 
dlmenslonless Reynolds' number Du should be based 
on the actual dimensions of the pores through which the 
liquid Is flowing. Because of the extreme complexity of 
the pore shapes In compacted beds of non-spherical particles, 
Ruth (52)» as well as Kozeny (31)» Carman (7)# and Pair and 
Hatch (17)# resorted to the use of the hydraulic radius 
m =s volume of voids/unit volume of solids 
surface area/unit volume of solids 
= y/S (73) 
to characterize the dimension of the average void. By 
definition 
'^eq. = U y/S (7U) 
and since )) « 
Deq. = It (1 - f) (75) 
Using the reasonable assumption of homogeneous packing through­
out the compacted bed of solid particles. It follows that the 
slip velocity is 
u* = u/£ (76) 
From equations 75 and 76# the Reynolds' number for flow 
through the compacted beds of particles Is 
Re = Q^(l ^  
« k ^  (77) 
S (1 - €) A 
The most common method of writing the Reynolds' number 
Is to explicitly Include the diameter or Its equivalent length 
dimension for non-spherical particles. By substituting 
V/adell's equation 71» the Reynolds' number relation 77 may 
be transformed to 
Re = ^ (78) 
3 (1 -C ) 
which Is the form used by Loeffler (35) for correlating values 
of Kg(l + Pjce) from experiments on spherical particles. 
Loeffler, however, dropped the constant 2/3 In calculating 
his Reynolds' numbers. Following this procedure, equations 
77 and 78 become 
Re' . (79) 
(1 - e )  
6 u /O 
s (1 -
(80) 
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The method of McNown# Malalka and Pramanlk (39) for 
correlating the Stokes' correction factor (1 + Fp) as a 
function of Reynolds' number and the shape parameters 
a/y/ho and h/c, where a, b and c are the semi-axes of a 
trl-axlal particle. Is difficult and uncertain In Its use. 
Their method Involved plotting (1 + Pp) as a function of 
Reynolds' number, using a/y/bc^ as the parameter. The 
resulting parametric curves are difficult to use because of 
the necessity of Interpolation betv/een the curves, and are 
uncertain as to accuracy because secondary shape effects, 
represented by the parameter b/c, are Ignored on a single 
two-dimensional plot. 
Ruth's method for separating the Stokes' correction 
factor Into two factors, one a function of shape alone, and 
the other a function of Reynolds' number alone. Illustrated 
by equation 70, suggested an analogous form for the trl-axlal 
correction factor as 
(1 + Pp)/(1 + Pp)a = f (Re) (81) 
The function on the right hand side can be determined 
empirically from the data of Pramanlk (i|.9), Malalka (i|2), 
and Pettyjohn and Christiansen (i].8). 
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The correction factor (1 + Pp)a in the viscous region, 
can Ideally be calculated from the Oberbeck Integrals (ii.6) 
given In Table 2. Malalka (ij.?) and Pramanlk (J|9) presented 
solutions of these Integrals In graphical form, with (1 + Pp) 
as a function of a/ v/b^ using b/c as the parameter. This 
plot resulted In a aeries of parametric curves of parabolic 
shape opening upward. Graphical Interpolation from this 
plot was also difficult and uncertain. 
Neither Malalka nor Pramanlk tabulated their solutions 
of the Oberbeck Integrals. These values of (1 + P ) were 
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calculated In this laboratory using values of a/y be' of 
1» 3/K> 3/8, ^ /K» 3/l6, and 1/8, and for b/c the 
values 1, 2, 3,  4* 6, 7,  8 and 10. The results are 
presented In Table 3. Values of the Incomplete elliptic 
integrals were interpolated from Table II of Legendre (34), 
and all computations were performed on a Marchant "Flgurmatic 
calculator. 
In correlating the three variables (1 + Fp)8' a/y^. 
and b/c, the method of Davis (13) was used, which entailed 
holding one of the shape parameters constant while relating 
(1 + Ps)p and the other shape parameter by equations of the 
same type, as 
X(1 + Pp)a =: ® + J P (y) (82) 
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Table 3« Stokes' correction factor (1 f Fp)^  for viscous fall of an ellipsoid 
Shape 
parameter 
Shape parameterJ , b/c 
a/ ybiT 1 2 3 h 5 6 
1.0000 1.0000 I.O3I45 1.0872 i.i7iat l,190h 1.2368 
0.7500 1.0U71 1.10h2 1.137U 1.1877 I.224I6 1.293b 
0.5000 1.11406 1.178U 1.2367 1.2955 1.3li95 1.1402^  
0.3750 1.2270 1.2673 1»3285 1.3966 l.Iilt75 1.5027 
0.2500 1.3769 l.lt205 1.U658 1.553U 1.6163 1.676^  
0.1875 1.U971 1.51*85 1.630U 1.6920 1.759U 
j 
1.8323 
0.1250 1.7087 1.7605 I.8UIO 1.9203 1.9868 2.051^  

• Fp), for vlsoott. fall of an .Uipaold 
Shape parameter^ b/o 
3 k 5 6 7 8 10 
1.0872 1.17101 1.190h 1.2368 1.2811 1.3230 l.iiOOli 
1.137U 1.1877 1.2lil8 1.293b 1.3351 1.3379 l.li836 
1.2367 1.295$ 1.3h9$ l.li02^  I.li5l8 1.U981 1.6351 
1.328$ 1.3966 l.hk7$ 1.5027 1.551^  1.6030 I.78I1U 
1.U658 1.553U 1.6163 1.6767 1.7313 1.7856 1.8821 
1.630U 1.6920 1.7$9U 
j 
1.8323 1.907U 1.9372 2.0103 
1.8100 1.9203 1.9868 •
 
CM 
2.1330 2.1931 2.3092 
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where y Is the variable shape parameter. Values of o and 
J must be expressed as fimctlons of the other shape parameter, 
X, either graphically, or algebraically In the form 
It v;as found that plotting (1 Fp)g as a function of b/c 
from the data of Table 3 gave straight lines of the form 
as can be seen In Figure 6, A few of the calculated points 
do not lie on the straight lines. The discrepancy arises 
from the method of linear Interpolation In the Legendre' 
Table II, A better Interpolation procedure, such as 
Lagrange's (13)» would have yielded more accurate results, 
but the computational v/ork Involved would not have been 
justified. 
The values of the parameters and Mg were calculated 
from Figure 6. These parameters correspond to the e and J 
terms In equation 82. Instead of searching for analytic 
expressions for and Mp In terras of a/^ /bc ' , as In 
equations 83 and 8lj., It was more expedient to correlate 
and with a//b^ In graphical form. Thus computed 
values of the Intercept M-j^, and slope M^, obtained from the 
e « 0(x), 
J = f (x) 
(83) 
(81^ ) 
(1 + Fp)^ =: + (b/c - DMg (85) 
^0 
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VALUES OF a/ /be 
A -  1.0000 
B -  0.7500 
C- 0.500 0 
D- 0.3750 
E- 0.2500 
F-0.1875 
6-0.1250 
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1.00 
5 6 
b / c  
8 9 10 
FIGURE 6  .  ELLIPSOIDAL CORRECTION FACTOR AS 
A FUNCTION OF t/C FOR VALUES 
OF THE PARAMETER O/JBc . 
linos In Figure 6 ,  are presented in Table 4 *  Figures 7  and 
8 are plots of M-^ and Mj# respectively, as functions of the 
shape parameter a/Z^T^. 
The Stokes' correction factor (1 + Fp)g can be readily 
obtained if the serai-axes a, b and c, of a tri-axial particle 
can be measured. To do this, the two shape parameters a/^/be', 
and b/c, were calculated first. The values of and 
viere then obtained from Figures 7 and 8, Finally, the value 
of (1 + Fp)g was directly calculated from equation 85 with 
the parameter b/c. 
The relationship expressed by equation 8l was tested 
with the experimental (1 + Fp) data of Pramanik iU.9) and 
Malaika (i|2) • The results are shown in Figure 9, where the 
ordinate is the ratio (1 + Fp)/(1 + Fp)g, and the abscissa 
is the Reynolds' number D /yoi , The terra (1 + Pp)g was 
computed frora equation 65 using the particle dimensions 
given by Pramanik and Malaika, The correlation of turbulence 
and shape factor expressed by equation 8l is not perfect. 
Hie curve v/hich has been drawn through the plotted data is, 
however, the only available correlation for estimating with 
reasonable accuracy the value of the correction factor 
(1 + Fp) in equations 67 and 69. The Interpolated points 
from the correlation curve in Figure 9  are given in Ifeble 5 .  
The values of (1 + Fp)/{1 + Fp)^ versus Reynolds' number 
from the correlating curve in Figure 9 have been plotted as 
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Table ij. Values of constants for equation 
(1 + Pp)^ « + (b/o - 1) 
a// be' Ml ^2 
1.0000 1.0000 0.0463 
0.7^ 0 l.OkYl 0.01^ 85 
0,^00 l.lk06 0.0516 
0.3753 1.227 0.051^ 8 
0.2500 1.337 0.05775 
0.1875 1.1|97 0.0618 
0.1250 1.7087 0.0692 
log. log. (1 + Pp)/(1 + Pp)g versus log. log. Re In Figure 
10. The shallow curve through the plotted data has been 
extended beyond the limit of the data to the log. Re value 
of ij., which corresponds to a Reynolds' number of 10,000. 
Values of log. (1 + Fp)/(1 + Pp)g were Interpolated from 
Figure 10 for values of the log. Re Interval from 3 to Ij.. 
The antllogarlthms of these Interpolated values were the 
data which permitted the correlating curve In Figure 9 to 
be extrapolated to the Reynolds' number value of 10,000. 
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This reproduction is the best copy available. 
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Table Values of (1 + Pp)/(1 + Fp)g versus Reynolds* 
number for correlating curve in Figure 9 
Re (1 + Fp)/(1 + Pp), 
0.1 
0.5 
1.0 
2.0 
5.0 
10.0 
20.0 
50.0 
100. 
200. 
500. 
1,000 
2,000 
5,000 
10,000 
1.00 
1.09 
1.18 
1.31 
1.65 
2.13 
2.86 
il..6o 
7.22 
12.1 
28.0 
55.0 
112. 
302. 
692 
In Figure 11 the solid curve of Figure 9 has been shown 
together with values of (1 + Pp)yij7* versus Reynolds* number 
from Malaika's data. Equation 70 states that the function of 
the Reynolds' number in equation 8l has the form 
f'(Re) a 1 + Pg (86) 
where (1 + Pg) is the turbulence correction factor computed 
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from the data of Pettyjohn and Christiansen (1{.8). Equation 
86 has been plotted as the broken curve In Figure 11. A 
comparison of these curves shows that equation 86 gives a 
poor correlation of the data for Reynolds' numbers greater 
than unity. Equation 70 also Indicates that the shape 
factor In the viscous region Is 
(1 + Pp)s - l/\/V (87) 
Equation 87 can be substituted Into equation 8l to give a 
nev; function of the Reynolds' number as 
f*'(Re) « x/?(l + Pp) (88) 
The right hand side of equation 88, computed from the data 
of Malalka# are the values plotted In Figure 11. The spread 
of these data about the curve Is greater than that of the 
data plotted In Figure 9» especially for Reynolds' numbers 
less than 100. The spread of the data In Figure 11 would 
make difficult a correlation based on equation 88. The 
difficulty In computing sphericity, yjy , for any but the 
most sln5»le geometrical shapes Is, however, the principal 
objection to the use of equation 88. 
It Is concluded that neither equation 86 nor equation 88 
has the advantage of equation 8l as an expression for computing 
the correction factor (1 + Fp) for an arbltrairy natural particle. 
6? 
EXPERIMENTAL WORK 
Materials 
Shape factor studies were made v/lth three types of 
solid shapes in two sucrose syrup solutions. The solid 
particles were 1/1). inch ceramic Berl saddles, 3/8 inch 
ceramic Raschig rings, and 5 ram* and 3 nim. ground barium 
glass spheres. 
Pluidization studies v;ere carried out with water, and 
hindered settling experiments were carried out v;ith both 
water and an aqueous solution of Dow Chemical Company 
lj.00 CPS methocell. The solids used in the fluidization 
and hindered settling experiments v/ere crushed and screened 
samples of the following minerals: magnesite from western 
Montana, muscovite mica from the Keystone area in South 
Dakota, and a Jig-concentrated galena from Shullsburg, 
Wisconsin. Minnesota Mining and Manufacturing Con^ any 
No. 13B glass spheres were used in one series of sedi­
mentation tests in methocell. 
Preparation 
The syrup used in the shape factor studies was made 
from ten poimds of ordinary cane sugar. The saturated 
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water solution of the sugar was slowly concentrated on a 
hot plate. Continuous stirring of the syrup v;as required 
during the final stages of concentration to avoid charring 
at the heated surface. 
The Eerl saddles and the Raschig rings were cleaned 
with dilute nitric and dilute hydrochloric acids, washed 
with distilled water, and oven dried. 
The 3 and 5 mm. ground barium glass spheres were 
fashioned into linear chains of two and three spheres, planes 
and pyramids, by cementing the spheres in place with tiny 
drops of "Duco" cement. 
Most hindered settling tests, and all fluidization 
tests were made with softened water, obtained by passing 
laboratory tap water through a commercial synthetic zeolite 
softener. Soft water was used to decrease flocculation of 
s m a l l  p a r t i c l e s  a n d  f i n e s  ( $ 3 ) ,  
The aqueous methocell solution used in the hindered 
settling tests with fine mica and the No. 13B glass beads 
was prepared by the DDW procedure (ll|.). About six grams of 
the 400 CPS powder were wetted thoroughly for ten minutes 
in a liter of distilled vjater held at 90°C. With constant 
agitation three liters of cold water (1I}.°C,) were then 
added and the mixture agitated in a water bath held at 
ll|.®C, until the temperature of the mixture had dropped 
below 20°C. The resulting methocell solution was allowed 
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to stand overnight In the cold bath. Upon warming to room 
temperature, the solution remained clear. 
The No. 13B glass spheres used In one series of hindered 
settling tests In the raethocell solution were uniform In size 
and needed no further preparation. 
The mica, magneslte, and galena, were received crushed 
only. The magneslte was In the form of large chunks but 
relatively pure. The mica and galena had been previously 
ground to particle sizes of less than one Inch, Both 
materials contained considerable Impurities which had to 
be removed. 
The lump magneslte ore was first broken with a sledge 
hammer, and then crushed In a jaw crusher. The product was 
further crushed In a roll crusher. The lunq) ore ivas origi­
nally of white and red aggregate. No distinction was made 
between the two types, and the crushed product was mixed In, 
the subsequent screening operation. However, a small sample 
of both red and vfhlte rock was hand picked from the 3 mesh 
screen fraction for chemical analysis. 
The bulk mass of the mica flakes contained v/ood chips, 
seeds, rock and sand particles, A preliminary screening 
showed that It was necessary to clean the flakes before 
screening. Therefore, the flakes were dropped In front of 
an air fan, which cleanly separated the light mica from the 
more heavy rock. The mica product from this operation was 
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dry ground in a ball mill. The grinding operation was slow, 
each charge of flakes being ground for two hours. The ground 
product was removed and screened through an 8 mesh Tyler 
screen. The oversiae was recharged to the mill along with 
new charge. About l6 liters of the fluffy, ground flakes 
were needed for the subsequent screening operation. 
The galena ore was initially screened into three sizes: 
a plus 8 mesh product, minus 8 plus 100 mesh product, and a 
minus 100 mesh product. The minus 8 plus 100 mesh material 
was subsequently screened to minus 35 plus 100 mesh. This 
size was chosen as the upper limit for sizing of samples 
without further cleanup, since it vjas observed that the 
pyrite, sphalerite and calcite impurities were not released 
from the galena matrix with material larger than 35 mesh. 
The minus 35 plus 100 mesh product was concentrated with a 
hydraulic Denver Laboratory Jig. After niaraerous trials it 
was found that a deep ragging layer of 8 mesh and minus l6 
plus 20 mesh galena, combined vrf.th high water flow rates, 
gave excellent scalping action. A microscopic examination 
showed that the concentrate contained over 90 per cent 
galena. Tlie impurities were sphalerite, pyrite and calcite. 
The chief disadvantage of the Jigging operation was the 
carry-over of galena and impurities of the smaller particle 
sizes by the high water rates. The overflow from the Jigging 
vjas saved for further processing. 
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The Jig concentrate was screened on a Tyler Ro-Tap 
with a complete series of standard and half-mesh Tyler 
screens from \\2 to 100 mesh. The plus 6o, 6^ , 80, and 
100 mesh product still contained some pyrlte and sphalerite 
Impurities which had to be eliminated by further processing. 
All screening of the crushed minerals was done on the 
Ro-Tap. 
Each mesh fraction of crushed ore contained some under-
slze and, since fluldlzatlon promotes carry-over of under-
slze material. It was necessary to eliminate as much as 
possible the underslze from any given mesh fraction. Also, 
the galena screen fractions contained varying quantities of 
pyrlte and sphalerite as gangue material. 
The Jig concentrate contained little ln5)urlty v/hlle 
material below 100 mesh as well as the Jig overflow, con­
tained considerable Impurity, A modification of an elutrl­
ation and hindered settling device described by Taggart (56) 
was constructed for the purposes of washing fines from the 
samples, and separating the mineral from the gangue, A 
drawing of the elutrlation equipment Is given In Figure 12. 
This apparatus was used principally for the screen fractions 
smaller than 20 mesh, as the holdup of fines and underslze 
was more serious for these sizes. Larger particles were 
easily washed free of fines v/lthout recourse to elutrlation. 
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The elutriatlon apparatus consisted of two sections: 
an upper section of 1 Inch glass pipe, and a lov/or section 
of 1/2 inch standard copper tubing. Tap water vms fed into 
the system at the bottom of the lov/er section. San^ jle 
could be withdrawn at the bottom through a l/i^  inch standard 
copper tube into an Erlenmeyer flask. 
Galena and magnesite particles were purified as follows: 
the Erlenmeyer flask was filled with water and connected to 
the system as shoim. Tap water was fed into the device until 
the glass was partially filled with water, and then any air 
bubbles trapped in the withdrawal section were worked out 
by squeezing the rubber tubing that connected the flask with 
the withdrawal section. With water flowing upward through the 
coliunn, three or four teaspoons of san^ le were introduced into 
the funnel at the top of the column on the side away from the 
overflow spout. Water rate was adjusted so that the particles 
were fluidlzed v/ith a bed height of about half the length of 
the glass column. Under these operating conditions, and for 
a minimum period of about two hours, the underslze were 
elutriated from the fluidlzed bed. This operation also 
removed the less dense sphalerite, pyrlte and calcite, from 
the more dense galena. The water rate was then reduced until 
the remaining particles were fairly con5)aoted in the bottom 
of the glass column. The elutriatlon then took place in the 
1/2 inch copper tube above the water entrance. This latter 
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operation was slow, that Is, the particles dropped slowly 
into the Erleniaeyer flask, and it appeared qualitatively 
that no significant fractionation of particles according to 
size took place. 
Elutrlation of the mica particles v/as somexfhat different. 
The mica was less dense than the rock Impurity. So the mica 
fractions were fluldlzed out of the elutrlation column into 
a four liter beaker which acted as a trap. Rock and sand 
were withdravna from the bottom of the column. It was found 
that underslze mica fragments, seeds and wood chips were 
effectively separated from the good mica flakes in the trap, 
since these impurities were swept out of the trap with the 
water overflow. 
After elutrlation, all samples were thoroughly washed 
Xi/ith distilled water, and were then oven dried. 
Properties 
The densities of the two sucrose syrup solutions used 
for shape factor studies and of the aqueous methocell solution 
used in the hindered settling experiments, were determined 
with a $0 ml, pycnometer. The viscosity of the thin syrup 
was determined by both the Stokes' method (33), that is, the 
free fall of a ground 5 mm. barium glass sphere in the test 
fluid, and by use of a Pish-Schurman Hoeppler Precision 
Vlscoslmeter HV303-61|3, with a K-10 stainless steel ball. 
70 
The Stokes' method viscosities were found to be per cent 
higher than the Hoeppler viscosities; however, on correcting 
the former for wall effect using the Ladenburg equation (32), 
the two methods gave viscosity values within one per cent of 
each other. The viscosity of the heavy syrup was then obtained 
by the Stokes* method, using the 5 ram# ground barium glass 
sphere, and corrected by the Ladenburg expression. Physical 
values of the two syrup solutions are given in Table 6. 
Table 6. Viscosities and densities of sucrose syrups 
Syrup 
No 
solution 
. 1 
Syrup 
No 
solution 
. 2 
Tenro. 
®C. 
Density 
(gras./ral.) 
VlscosltT 
(poises) 
Density 
(gras./ml.) 
Viscosity 
(poises) 
2K'0 2410 1.3610 
25.0 1.4515 2213 1.3604 4.090 
26.0 1.4508 2000 1.3598 3*112 
27.0 1.4502 1766 1.3591 3.465 
The densities of the aqueous raethocell solution viere 
determined with a ^  ml. pycnometer. The viscosities of this 
solution were determined with the Hoeppler viscosiraeter, using 
the P6 glass ball. Physical properties of the aqueous raethocell 
solution are given in Table J. 
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Table J. Densities and viscosities of 0.0 2 per cent 
aqueous methocell solution 
Temp. 
°C. 
Density 
(fflws./ml.) 
Viscosity 
(poises) 
2lf.O 0,9981 0.0778 
26.0 0.9975 0.0726 
28.0 0.9969 0.0678 
30.0 0.9963 0.0634 
32.0 0.9955 0.0592 
34.0 0.9948 0.0553 
The densities of the 5 ram. and the 3 mm. ground barlrira 
glass spheres used In the shape factor studies had been 
previously determined by Loeffler (35)> and were reported 
to be 2.514 gra./ml. and 2.^ 72 gra./ml., respectively, at 
25°C. 
The densities of the Berl saddles and Haschlg rings 
were determined by the displacement of a measured volume of 
water by a weighed quantity of the particles In a volumetric 
flask. The saddles and rings were too large for any available 
pycnometer. The average density of 277 Berl saddles was found 
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to be 2.U82 gras./®l»» density of 97 Raschlg rings to 
be 2i,i|.25 gms./ml. at 25°C. 
The density of the Ho. 13B glass beads used in the aqueous 
methocell hindered settling tests was determined with a pyc-
noraeter using C,P, methanol as the pycnoraetric fluid. The 
density value at 17.20°C, was 2.665 graB,/ml, 
Densities of the minerals mica, raagneslte, and galena 
v/ere determined using 2^ 0 and 200 ml. volumetric flasks as 
pyonometers. The pycnometrio fluid was C.P, methanol, since 
it vias found that the hi^  surface tension of water made it 
very difficult to expel air from the particle mass in the 
flask. The experimental densities of the minerals are given 
in Table 8, 
A chemical analysis was made on the red and mixed 
magnesite ore to determine if there v/as any significant 
difference in the composition of the two types. The mixed 
ore sample came from the minus 200 mesh pan at the end of 
the screening operation. The red ore sample v;as prepared 
by grinding hand picked plus 3 mesh red ore chunks in a 
laboratory mortar. The analytical procedure followed the 
standard limestone determination (65). Samples were oven 
dried at 130®C, for 2l\. hours. The samples were fused with 
sodium carbonate in platinum crucibles. The average results 
of the chemical analyses are presented in Table 9. All 
results have been computed on the basis of the oven dried 
weight, 
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Table 8, Densities of minerals used 
Tyler 
laesh 
size Galena 
-7+8 -
-8+9 
-
-9+10 
-10+12 7.i|59 
-12+li^  7.1|.35 
-li^ +l6 7.498 
-16+20 7.452 
-30+2lj. 7.483 
-2li+28 7.445 
-28+32 7.422 
-32+35 7.424 
-35+1^2 7.340 
-]|2+lj.8 7.414 
-l|.8+6o 7.362 
-60+65 7.410 
-65+80 7.336 
-80+100 7.337 
-100+115 7.391 
-115+150 7.242 
-150+170 7.294 
-170+200 7.430 
Density in gins./ml. at gO'^ C. 
Magnesite Mica 
2.986 
2.983 
2.972 2.909 
2.975 2.902 
2.987 2.81^ 0 
3.008 2.912 
2.968 2.911 
2.9^7 2.818 
2.973 2.913 
2.9^8 2.7i^2 
2.980 2.726 
2.977 2.789 
2.981 2.7lt6 
3.035 2.61;7 
2.970 2.561^  
2.986 2.759 
2.978 2.766 
2.957 2.753 
2.985 2.630 
2.791 
2.661}. 
Ik 
Table 9. Chemical analysis of magnesite ores 
Per cent by vjeight 
Red ore Mixed ore 
0.1189 
49.i|l 
3.31 
0.83 
The low moisture loss from drying at 130°C, indicated 
that practically no hydrates of magnesium carbonate were 
present. The higher moisture content of the mixed ore could 
possibly have occurred because the fine minus 200 mesh samples 
of mixed ore were open to the atmosphere for about two weeks 
before moisture analysis, while the red rock was analyzed 
almost immediately after being pulverized In the mortar. 
The loss on high tenperature ignition of the dried ores 
represents the carbon dioxide content of the ores. In pure 
magnesium carbonate the CO^  content is 52. 2 per cent. It v;as 
apparent from the results of the chemical analyses that there 
was no significant difference betvjeen the two ores, and it 
was ass\imed safe to use the mixed ore mesh fractions in the 
subsequent fluidization and hindered settling tests. 
Moisture 0.0339 
Loss on ignition i|9.5'0 
Silica (uncorrected) 3.75 
R^ 3 0.79 
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Particle size proved, in general, to be the most 
difficult solid properties to measure. For geometrical 
particles like spheres, or chains and pyramids of spheres, 
the particle surface and volume were easily obtained from 
the spherical diameter. The diameters of sanqjles of 5 ram, 
and 3 rara, ground barium glass spheres v;ere measured by 
Loeffler (35) vd.th a hand micrometer. The variation in 
size within a sample was slight, and the arithmetic average 
of the measurements gave the values 0.5o56 cm, and 0.336 cm. 
for the average diameters of the $ mm. and 3 ram. spheres, 
respectively. 
The diameters of small spheres, such as the Minnesota 
Mining and Manufacturing Company*s No. 13B glass beads used 
in the methocell sedimentation tests, could have been de­
termined using a microscope with a filar eyepiece attachment. 
However, an alternate technique was used in which the average 
diameter was computed from the average of the observed free j 
fall velocities of the glass beads in the aqueous methocell 
solution. A liter graduated cylinder 6.31 cm. in diameter, 
and 32 cm. in length was used. The small glass beads were 
launched along the cylindrical axis of the cylinder through 
a small bore glass funnel immersed below the surface of the 
fluid. The descent time was measured with a stop watch over 
an interval of 19*23 cm., which represented the distance 
betvreen the 1000 ml. and i|.00 ml, marks on the cylinder. 
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Since temperature varied during the testa, the product of 
viscosity and velocity, x V, was averaged, rather than V 
alone. The arithmetic average of the value determined 
from i4.9 observations was 0.0 2211. The average spherical 
diameter of the glass beads was then determined from the 
expression 
Dg = /l8 (M. V)avg. (89) 
Y (S-^)g 
which is singly Stokes' equation solved for particle diameter. 
The calculated diameter from equation 89 was 0.01^60 cm. 
The average Reynolds' number was about O.O6, within the 
range in which equation 89 is valid. The ratio of sphere 
diameter to cylinder diameter v»as 0.00Ladenburg's (32) 
correction for wall effect, 
V « (1 + 2.]| Dg/J3^ )u (90) 
would not have influenced the observed results, since the 
correction to the observed velocity, and the uncertainty in 
the measured time, were in the third significant figure. 
The Berl saddles and Raschig rings could only be charac­
terized by nominal spherical diameters, vdiich X7ere coirputed 
using the average density of the particles and the mass of 
each particle. The nominal spherical diameter was then given 
by 
DG = (6 W/TTS (91) 
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where w Is the mass of the particle, and S the average 
solid density. 
An irregular, non-spherical particle, like mica, 
raagnesite, or galena, has only a surface area and a volume. 
The characteristic "diameter'", or dimension, of such a 
particle is arbitrary, and can be defined in a large variety 
of ways depending on the ultimate use of the dimension or 
diameter. 
The most common method of determining the size of a 
sample of crushed minerals is by screening. The practical 
advantage of screening is not only simplicity, but also 
reproducibility of results due to standardization of com­
mercial screens and the general availability of Ro-Tap 
apparatus. For angular particles, such as galena and 
raagnesite, and flat particles, such as mica, the size of 
a given mesh fraction of particles, calculated as the 
arithmetic average of the passing and retaining screen 
openings, is the average intermediate dimension of the 
three mutually perpendicular axes (26). Some other technique 
is, therefore, necessary to determine the other two dimensions. 
Handy proposed that the average particle of a given mesh 
fraction has a fixed ratio between its three mutually perpen­
dicular dimensions regardless of the mesh size of the sample 
(20). The advantages of this proposal, if valid, are evident. 
78 
If the three dimensions of the average particle from a mesh 
fraction of large size particles were obtained by measure­
ment of a large number of particles in the size group, then 
the ratio betx^jeen these three average dimensions would hold 
for the average particle of any other screen fraction. 
Further, if the relation between the intermediate dimension 
of the average particle and the average screen size of the 
sample xvere determined, then this relation would hold for 
any other screen fraction. Thus, from the average screen 
size of a given sample the intermediate dimension of the 
average particle in the sample could be calculated, and from 
this dimension the other two could be calculated using the 
fixed ratio betv/een the three dimensions. 
This hypothesis was tested on the galena, magneslte 
and mica ores. Hand micrometer measurements were taken on 1 
l50 particles of the largest size of each material. Pilar 
micrometer measurements were made on 1$0 particles of the 
tv/o smaller sizes of each material. The shortest dimension 
could not be measured with the filar micrometer since this 
dimension was perpendicular to the plane of the microscope 
stage. However, the averages of the longest and the inter­
mediate dimensions could be determined, and the ratio of 
these two dimensions were compared with the same ratio for 
the large size particles of the same ore. 
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Pour microscope slides were prepared for each mesh 
fraction of a given ore. It was found that the particles 
were well dispersed on the 3*1 inch glass slides by a 
film of a saturated solution of Kauri resin in acetone. 
The film dried quickly, leaving the particles firmly 
attached to the slide. 
Care had to be taken during measurements with both 
hand and filar micrometers to avoid the natural bias toward 
favoring the larger particles. Also, it vias necessary to 
be systematic in choosing the three mutually perpendicular 
dimensions for the more irregular particles in the sample. 
Undoubtedly the element of human error was present in the 
decisions made, especially on this latter point. 
Each of the values of the measurements taken for a 
given particle dimension was placed in a size group or 
interval. By dividing the number of measurements occurring 
within a given interval by the total number of measurements, 
the per cent frequency was computed. The cximulative per­
centages of these groups, when the groups v;ere arranged in 
ascending order of their median values, were plotted on 
probability paper as a function of the respective median 
values, A straight line was dratm through the points. The 
value of the measurements at the per cent point on the 
cumulative axis represented the desired average value of the 
measured dimension. 
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If the per cent frequencies of occurrence were sym­
metrical about some apparent average median value, the plot 
was made on arithmetic-probability paper. If the frequencies 
were skew-symmetric, the plot was made on logarithmic-
probability paper. Most of the frequency distributions 
were skew-symmetric, and such a plot is shown in Figure 13 
for the frequency distributions of the three measured di­
mensions of the minus 0.371 inch plus 0,263 inch size mica 
sample. 
Table 10 is a summary of the results of the size 
determinations on the galena, mica, and magnesite samples. 
Columns 2, 3 ®nd 4 in the table are the averages of the 
dimensions as determined from plots similar to Figure 13. 
Column 5 is the ratio of the three dimensions, and column 
6 is the ratio of the longest to the average intermediate 
dimension. Column 7 is the arithmetic average of the 
dimensions of the openings in the screens retaining and 
passing the particles in the sample. Column 6 is the 
important ratio of the average particle width in the sample 
to the average screen opening. 
In Table 10 there is an over-all deviation of 10 per 
cent in the ratios b/c for the three minerals. Values of 
the ratio o/tq shotted an over-all deviation of about 4 per 
cent for galena, 8 per cent for magnesite, and 25 per cent 
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Table 10. Summary of results of size measurements on galena, magnesite, and 
mica samples 
Average particle 
dimensions® 
Ratios of average 
dimensions 
Ratio of average 
Average particle width 
screen to average 
opening screen opening 
(1) 
Mesh 
Size 
iP) 
b 
(ram,) 
(3) 
c 
(mm.) 
ik) 
a 
(mm.) 
(5) 
b: c:a 
Galena 
-8+10 3.25b ?.068 1.679 1.570:1.000:0.811 
-l|8+60 0.i|46 0.291 -
-115+150 o.i7i[ o.ia 
Magnesite 
-8+9 k'2k0 2.665 1.55t) 1.590:1.000:0.581 
-i|8+60 0 . 531 0.336 
-115+150 0.197 0.133 
•0.371" 16.00 10.22 
+0.263" 
-4&+60 0.597 0.372 
•Il5+l5b 0.186 0.123 
(6) 
b/c 
1.570 
1.535 
1.1+52 
1.590 
1.578 
1.^ 82 
Mica 
2.895 1.568:1.000:0.281+ 
1.610 
1.510 
(7) 
(mm.) 
2.006 
0.270 
O.llif 
2.172 
0.270 
0.111+ 
1.568 8.052 
0.270 
O.llli. 
(8 )  
1.032 
1.078 
1.062 
1.228 
1.2ii7 
1.168 
1.270 
1.379 
1.078 
^Particle dimensions correspond to nomenclature of Pramanik, H. R. (1+9)* and 
Malaika, Jamil (1+2). 
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N. 
for mica. These ratios Indicate a t^orkahle agreement with 
the constant particle ratio hypothesis considering that 
there Viras a twenty-fold change in particle screen size for 
galena and raagnesite, and an eighty-fold change for mica. 
Equipment and Procedures 
Sphericity studies 
The experimental sphericity studies were carried out 
in a large VIcor test tube, 9*75 cm, in diameter, and 
cm. long. The vessel was filled vjith test syrup to v/ithin 
1 cm. of the top. No provision was made for temperature 
control of the system, but' it v/as found that the temperature 
never varied more than 1°C. from top to bottom of the vessel. 
The mean fluid temperature v;as taken as the arithmetic average 
of the values at the top and bottom of the vessel. 
Before introducing the experimental particle into the 
test vessel, it v/as rolled in a beaker of the test fluid 
to remove bubbles adhering to the solid surfaces. The 
particle was then transferred to the test vessel by means 
of tweezers and held beloxi/ the surface of the fluid until all 
air bubbles v/ere worked out of the vicinity, of the particle. 
After a final positioning along the cylindrical axis of the 
vessel, the particle was released. Time was measured by a 
stop watch over a path of fall of 10 cm. The velocity of 
Qk 
fall was slow, especially In the heavy syrup, but the 
Raschlg rings and Berl saddles tended to rotate slowly 
during their descent. Indicating that they lacked complete 
symmeti»y. 
Sphericity, , was calculated using Ruth's equation 
70. By equating the drag force to the buoyant force of the 
particle 
the shape correction factor (1 + Pp)a, defined by equation 
where V Is the observed velocity of fall corrected for wall 
effect by the Ladenburg relation 90. Since the experiments 
were performed In the Stokes' region, the turbulence correction 
factor In equation 70 xixas unity. 
Every particle was weighed prior to being Introduced 
Into the test vessel. By assuming that each particle x<as of 
the average density, the volume, and hence the nominal spheri­
cal diameter, was readily calculated. 
(9?) 
70, become 
(93) 
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Methocell sedimentation testa 
Hindered settling tests on small sizes of mica samples 
and No. 13B glass spheres were performed In a liter gradu­
ated cylinder using an aqueous solution of Dow Methocell 
Lf.00 CPS as test fluid. 
The procedure and equipment were patterned after that 
of Stelnour (54) • The graduated cylinder was fitted v/lth a 
shoulder and a ground glass tapered neck. Vacuum was applied 
to the cylinder through a glass stopcock fitted into the neck 
of the cylinder with a rubber stopper. 
The methocell fluid was weighed into the graduated cylinder. 
A weighed san5)le of mica or glass spheres v/as introduced into 
the cylinder, and vacuum applied from a water aspirator. 
After evacuation the stopcock was closed and the rubber tubing 
connecting the stopcock with the vacuum source was removed. 
The solids and fluid were thoroughly mixed by tilting the 
cylinder back and forth about a horizontal position while 
slowly rotating the cylinder about its axis. After a minute 
or two of mixing, the cylinder was quickly placed in its 
normal, vertical position, the stopcock was opened to the 
atmosphere, and the settling velocity of the solid particles 
vjas observed. At the completion of each run the tenqjerature 
of the test fluid was taken. 
The Methocell solution tended to froth badly during the 
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mixing operation. Steinour was confronted with the same 
problem when he used a Stanolind lubricating oil as test 
fluid. His procedure of mixing the solids and fluid under 
vacuum so that when the system was opened to atmospheric 
pressure the bubbles of air would collapse was used in 
these experiments, and satisfactorily eliminated trouble 
from frothing. 
The mica did not settle with a sharp upper interface 
as do mixtures of perfectly uniform particles. While the 
spread in particle size v/as not great in the screened and 
ellutrlated samples, it was impossible to stop attrition 
of the particles during handling of the samples. Conse­
quently, there viere always present small quantities of mica 
fragments of assorted sizes ivhich were an insignificant 
fraction of the total mass of the sample, but which caused 
troublesome turbidity in the hindered settling experiments. 
The undersized fragments also caused the interface of the 
sedimenting mass to become diffuse. The combination of 
turbidity and the slow settling of the mica fragments made 
direct visual observation of the interface impossible. The 
approximate interface was obtained by measuring the variation 
in light transmission through the sedimenting mass at fixed 
points along the graduated cylinder. The settling mica forme 
a relatively opaque mass until the interface approached the 
recording plane. As the interface swept past this datum 
plane, the light transmission increased quite rapidly until 
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the maxlraum transmlttance of fairly clear fluid was reached. 
Light transmission v/as picked up by a General Electric photo­
cell, model 8PW-AA1-Sub 3» and recorded directly on a Roller-
Smith type PJD direct current microammeter viith a full scale 
reading of 100 microamperes. The light source was an ordinary 
fluorescent tube, such as is used in desk lamps, about 1^.2 cm, 
long. The fluorescent tube was mounted vertically about 5 cm, 
in back of the graduated cylinder. The graduations on the 
cylinder were about 35 cm. long, but in spite of the fact 
that the fluorescent tube extended beyond the extreme gradu­
ations on both ends of the cylinder, only about three-fifths 
of the graduations could be used as the end sections of the 
fluorescent tube gave off weaker light than the middle sec­
tion. The photocell v/as mounted in front of the graduate 
cylinder with a gap of about ^ mm. The cell v/as attached 
to a vertical bar by a spring clip so that the cell could 
be moved vertically to follow the sedimentation in the 
cylinder. The photocell had the shape of a rectangular 
parallelepiped, 5-1/2 x 2 cm, on the light-receiving face, 
i 
Most of the face of the cell was blocked off with No. 33 
Scotch electrical tape, leaving a narrow horizontal light 
slit $-1/2 cm. long by 1 mm, in width. 
The interface reading on the microammeter v/as determined 
empirically by noting the meter reading as the Interface 
swept past the photocell v/hen the latter v/as positioned 
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slightly below the liquid level In the cylinder. At this 
position, the interface waa relatively sharp and was 
accompanied by a very rapid increase in light transmittance. 
The rate at which the interface descended during sedi­
mentation was determined by the time interval, measured by 
a stop watch, for the descent of the interface betvjeen two 
positions of the photocell. The photocell was positioned 
at either the major 100 ml,, or ^  ml. graduations on the 
cylinder. The initial position was usually $0 or 100 ml. 
below the liquid surface. After sedimentation had begun, 
the stop watch was started v;hen the microamraeter reading 
coincided with the empirically noted interface reading. 
The photocell v;as then moved to a lov/er graduation, and the 
watch v/as stopped when the ammeter reading again coincided 
with the interface reading. By using a second stop v/atch 
a series of readings were taken for a series of photocell 
positions. Five to ten determinations v;ere usually obtained 
in the course of a single sedimentation i»un. 
The observed sedimentation velocities and porosities 
v;ere correlated by equation 66. The reciprocal of this 
equation has the form 
1 
_1_ + ^ . _1_ 
/<V 18(1 + Pp)g ^ V 4> ' 
1 (9i|) 
89 
where Kg has the value of 2.5. For spheres, 
= 2Ke 
18 (1 + Pj,)3 
No turbulence correction factor was needed In equation 9i<. 
as all experiments x-iere performed in the viscous region. 
Equation 9ij. shov;s a linear relationship between the 
reciprocal of the viscosity - slip velocity term, u', 
and the reciprocal of the porosity function, Loeffler 
(35) shov/ed that equation 9i|. correlated his viscous sedi­
mentation data on 48 mesh ground barium glass spheres. 
The volume of solids in the system was obtained by 
dividing the weired mass of the solids by the solid 
density. The porosity was then determined from the 
relationship 
^ - volume of solids c = X - • • 
total volume 
The slip velocity, u', was obtained by dividing the 
observed velocity, u, by the porosity, f , 
Permeability, fluidlzation, and hindered settling tests 
Figure ll^. is a schematic dra^•^ing of the experimental 
apparatus used in the v/ater permeability, hindered settling. 
Figure lij.. Schematic of experimental fluidization, 
and hindered settling, and permeability 
apparatus. 
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and fluid!zation tests. Basically, the equipment consisted 
of a test column, P, and a system for providing the column 
v/lth water from a constant head tank located about 30 feet 
above the column. Circulation of the water vms provided by 
a Worthington 3/4 - CG - 1 '*Worthite" centrifugal chemical 
pump, driven by a one horsepower 220 volt motor. The motor 
and pump speed were 1750 RPM. The constant head tank vzas 
a five gallon galvanized steel can coated v;ith aluminum 
paint. 
Positive pressure on the suction side of the pump was 
provided from a 55 gallon stainless steel barrel x^ hlch 
served as the reservoir for the water in the system. 
The orifice meters 0-|_ and Og were constructed of 
4 inch by 1/2 inch stainless steel flanges with 4 inch 
by 1/8 inch orifice plates. Interchangeable orifice plates 
with hole sizes: 7/l6# 5/l6 and l/ij. inch diameters were used. 
The holes were sharp edged. Mercury was the manometric fluid 
in orifice manometers A and B. 
Rotameter, R-j^ xms a Brooks type R-8M-600-1, with a 
capacity of tv;o gallons per minute for a liquid of specific 
gravity 1,0, Rotameter Rg vias a Brooks type ""Tru-Taper" 
6-25-1 with a full-scale capacity of 22 ml./sec, for a 
liquid of specific gravity 1,0, 
A calming section, H, was made of copper pipe 2 inches 
in diameter by 1 foot in. length. The section ims packed v/ith 
a 10 inch length of ll|. mm. glass tubing. 
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Two glass fluldlzatlon oolurans were used, one v/as 
era. diameter and 110 cm. long, and the other 2.603 
cm. diameter and 110 cm. long. A copper sleeve was slipped 
over the top end of each column and sealed to the glass vrf-th 
Apiezon "W" wax. A 3/k inch stainless steel nipple was 
soldered to the copper sleeve. The glass column was con­
nected to the sediment trap with a 1 inch piece of Tygon 
tubing vftiich fitted over the stainless steel nipple. 
The bottom ends of the glass columns were sealed into 
specially machined brass flanges with Apiezon "W" wax. The 
flanges were constructed so that both vjould fit the calming 
section flange, thus permitting the columns to be inter­
changed in the equipment. Figure 1$ shows the details of 
the supporting flange at the bottom of the glass fluidi-
zation column. The brass sleeve in vAiich the column v/as 
sealed vjas screwed into the brass column flange. The 
sleeve had observation slots milled into it on two sides. 
A brass manometer flange vjas placed betv/een the column 
support flange and the calming section flange. The purpose 
of this flange was to provide a means of pressure measurement 
at the bottom of the column section. An isometric view of 
the manometer flange is given in Figure l6. Two of these 
flanges v/ere constructed with the diameters of the center 
holes conforming to the inside diameters of the tvra glass 
columns. A $/l6 inch copper tube was sv/eat soldered into a 
Figure l5. Detail of permeability, fluldlzation, 
and hindered settling column support. 
Plan view of column support 
Schedule of dimensions for column 
support and manometer flange 
Large Small 
column column 
A 1.853 1.029 
B 2.040 j.iao 
C 1.960 1.136 
0 2 ®/32 2»/32 
E 2 '/« 1 ®/|6 
F 1 '/g 
' % 
G 2 ' / g  
'"'ie 
J % "/32 
All dimensions in inches 
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0.123^  ^
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tap hole machined into the flange along a diameter, This 
tube was connected to one end of the mercury manometer C 
and the water manometer D shovm in Figure ll|, A groove 
cut in the periphery of the center hole was covered with a 
200 mesh screen and cemented in place v;ith Duco cement. 
The screen sealed off the manometer circuit from solids 
larger than 200 mesh. 
The supporting screens for the particle beds were 
attached to the bottom of the manometer flange with brass 
screvxs. Supporting screens of 35# 100 and 200 Tyler standard 
meshes were used in the experimental viork. The upper manome­
ter tap on the column was a glass nipple fused into the column* 
Most of the system piping and fittings v/ere 3/4 inch 
stainless steel. Valves 7 and 9 were 3/4 inch stainless 
steel needle valves, valve 8 was a 1/4 inch stainless steel 
needle valvej all other valves, with the exception of No. 10, 
were of standard 3/4 inch brass. Valve 10 was a 1/2 inch 
brass valve. 
A synthetic zeolite vmter softener, not sho;im in Figure 
14* was used to remove hardness from the v;ater. 
Figure 17 is a photograph of the experimental equipment. 
The control panel v;ith the rotameters and manometers is at 
the left, the column and accessories are in the center, and 
the 55 gallon reservoir is at the right. Figure I8 is a 
viex-/ from the rear of the apparatus. The water softener is 
Figure 17. Photograph of fluldlzatlon apparatus 
front vlex7. 
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Figure 18, Photograph of fluidizatlon apparatus 
rear view. 
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In the foreground at the right, the pump at the bottom 
foreground, and the ^5 gallon reservoir is in the left 
foreground. The largest glass column is shown in the 
center rear of Figure l8. 
The first step in putting the apparatus into operation 
was to bolt a test column into the system, and to connect 
the manometer taps vjith the manometer leads. The pump was 
then started, and control valves If and 6 in Figure l4 v/ere 
closed. The two-way cock lij. was turned so that water flowed 
into the column. The column was filled vdth water up to the 
vent opening in the sediment trap. The control valves 7* 8 
and 9 were then closed, and air was expelled from the manometer 
lines by opening cocks l5# l6, 17 and 18. In this latter 
operation, viater flov/ed from the sediment trap back through 
the lines of manometers C and D, 
The Tygon tube from the top of the glass column to the 
sediment trap v/as removed, and a weighed quantity of sample 
xvas poured into the column through a funnel. The Tygon tube 
was replaced, and one of the control valves 7, 8 or 9 was 
opened to allots the sediment trap to be filled. 
To start a permeability run, valve 3 v/as closed, and 
cock lij. was turned so that water flowed to the sediment trap 
by way of the normal overflow line. As soon as the trap was 
filled, vent cock 11 was closed and the drain valve 10 was 
opened. During permeability runs the drain outlet vjas 
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connected to a nipple in the top cover of the reservoir 
barrel by a 1 inch Tygon hose. The water thus flov/ed down-
vjard through the bed of particles and back to the reservoir. 
The pressure drop across the bed was read directly on 
manometers C and D, Ordinarily the flow rate v;as read on 
the rotameters or but when high flow rates v/ere 
required, as for the coarsest of the minerals, valves 7 
and 6 were closed, valve 9 was opened, and the flow was 
recorded by the manometer B for the orifice meter Og. In 
cases where very high flow rates v;ere needed, valves 1 and 
2 v/ere closed and valve ij. v/as opened, thus by-passing the 
constant head tank. The bed height of the particles was 
recorded by a meter stick fastened to the glass column. 
Fluidization and hindered settling tests were run in 
sequence. Valve 10 v;as closed and valve 3 v;as opened. The 
cock li|. v/as turned so water flowed upward in the column. 
Valves 7 or 8 were opened enough so that the bed of particles 
was slightly fluidized. The bed height was noted from the 
meter stick attached to the column. To obiiain hindered 
settling data, the cock li^. was quickly turned v/ith a wrench 
so that the flov/ by-passed the column. The expanded bed 
then settled to the compacted state, and the velocity of 
settling was obtained from the time it took the interface 
of the expanded bed to settle from its initial fluidized 
height to some predetermined position on the meter stick. 
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All time readings were taken with a 10 second sv/eep stop 
watch. Cock lij. v/as then turned to the position for fluldl-
zatlon# and the flow rate v;as Increased, The fluldlzatlon-
hlndered settling sequence was continued until the fluldlzed 
bed Interface became too ragged to read accurately. This 
vias usually the point at which carry-over of particles 
became Imminent, 
After the series of fluldlzatlon and hindered settling 
runs were finished on a given sample, all valves v;ere closed, 
and the pump shut down. Then cooks 11 and 12 xijere opened, 
allowing the sediment trap to drain Into a bucket. Drain 
valve 10 was then opened i^/hlch emptied the column. The bolts 
v/ere removed from the column flanges, the manometers and trap 
disconnected from the column, and the column was removed. 
The used particles were washed into a beaker, and then rinsed 
v;ith distilled water and oven dried. The column was then re­
placed into the equipment. 
The permeability runs furnished values of the specific 
surface for each sample. The data v/ere processed using the 
Ergun equation 8, 
Both fluldlzatlon and hindered settling data were worked 
up using equations 67 and 77* This treatment vias analogous 
to the work of Loeffler (35) on expanded beds of spheres. 
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Results 
Sphericity studies 
The results of the sphericity studies on Raschlg rings, 
Berl saddles, and sphere groups are given In Tables 11, 12 
and 13, respectively. 
Prom a series of 8 tests with Raschlg rings, the average 
sphericity value In solution No. 1 was found to be 0.^98, and 
the average In solution No. 2 was found to be O.ij.90. A 
theoretical sphericity value of 0,^66 was calculated for the 
rings by assuming that the average ring v;as a perfect cylinder 
3/8 Inches long, 3/8 inches in diameter, v;lth 0,075 inches 
thick vjalls. 
The average sphericity for the 16 runs on Berl saddles 
v/as found to be 0.56? in solution No, 1 and O.lj.69 in solution 
No, 2, Ruth (52) gave a sphericity value of 0.i;9 for l/k 
inch Berl saddles, based on permeability measurements, 
Methocell sedimentation tests 
The experimental results of sedimentation of mica screen 
fractions and of No, 13B glass spheres are given in Tables 17 
and 18, respectively, in the Appendix, These results were 
obtained from the raw data using equation 91;. The numbers 
in the first column in Table 17 represent the retaining screen 
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Raschig rings® In syrup solutions 
Nominal 
spherical diameter 
Ring dg Solution Solution 
No. (cm.) No. 1° No. 
1 0.923 0.440 0.502 
4 0.928 0.593 0.530 
5 0.909 0.578 0.500 
6 0.899 0.570 0.470 
7 0.932 0.687 0.461 
56 0.943 0.646 0.526 
57 0.984 0.630 0.457 
78 0.923 0.644 0.472 
^Experimental 3/8 inch ceramic rings. 
^Viscosity of 2000 poises. 
^Viscosity of 4 poises. 
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Table 12. Experimental sphericities, , for Berl 
saddles® In syrup solutions 
Solution 
No. 1^ 
Solution 
No. 2° 
Run 
No. 
Nominal 
spherical 
diameter 
^A 
(cm.) 
Sphericity 
1 0.590 O.5OO 
2 0.588 0.539 
3 0.592 0.519 
4 0.590 0.491 
5 0.585 0.556 
6 0.599 0.699 
7 0.590 0,608 
8 0.617 0.653 
9 0.586 0.624 
10 0.593 0.616 
11 0.599 0.648 
12 0.586 0.55b 
13 
14 
0.594 
0.618 
0.493 
0.489 
15 0.588 . 0.536 
16 0.594 0.548 
Nominal 
spherical 
diameter 
(cm.) 
0.^8? 
0.626 
0.591 
0.573 
0.59? 
0.569 
0.590 
0.599 
0.616 
0.595 
Sphericity 
0.1^^0 
0.433 
0.381 
0.519 
0.488 
0.i|66 
0.476 
0.449 
0.564 
0.457 
^Experimental 1/4 inch ceramic saddles. 
Viscosity of 2000 poises. 
^Viscosity of 4 poises. 
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Table 13. Sphericities,^ , of sphere groups* 
Sphere grouping 
Size of Experi- Theo- Per 
No, of spheres mental retical cent 
Arrangement spheres (mm.) sphericity sphericity deviation 
Linear 2 5.056 0.813 0.79U +2. If 
Linear 3 5.056 0.709 0.69lj. +1.9 
Linear ? 3.36 0.718 0.794 -9.3 
Linear 3 3.36 0.539 0.69l[ -22.2 
Plane 3 3.36 0.636 0.691+ -8.25 
Pyramid K 3.36 0.686 0.508 +25.9 
®Data obtained in ij: poises solution. 
size of the mica saiig>le and the run designation, respectively, 
for a given weight of mica sample. No screen designation was 
required for the glass spheres, since these spheres v/ere of 
uniform size. 
The method of preparing Table 17 is shown by the following 
treatment of the data from test No. 11^-3, The raw data from 
this series of runs is given in Table li|. In column (l)of 
Table lij. are the values of the calibration marks on the 
graduate cylinder test vessel, and in columns (?), (3) and (J+) 
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Table ll\.t Sedimentation data for aeries 3 test on 11$ 
mesh mica In aqueous methocell 
Sedimentation times, minutes 
(1) (2) (3) (4) 
Cylinder Run Run Run 
readings No. 1 
<\j 
•
 
o
 No. 2 
^0 1.82^ 1.;?97 0.767 
550 3.187 2.566 2.298 
600 4.763 4.272 3.658 
650 6,2lj.l 5.800 5.310 
700 8.10i|. 7.621 7.096 
750 10.110 9.292 8.667 
800 12.i[20 11. 285 10.430 
are the cumulative times required for the sedlmentlng Inter­
face to reach these marks. The data of Table lij. have been 
plotted In Figure 19. The slopes of the straight lines are 
the sedimentation velocities for the respective runs. The 
velocities were first calculated In terras of cylinder gradu­
ations per minute. The conversion factor to cm./sec. was 
0.03205» based on the cylinder dimensions. 
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FIGURE 19. SEDIMENTATION DATA OF MICA TEST NO. 115-3 
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The basic data for the test No, ll5-
welght of san5)le 
density of mica 
volume of raethocell solution 
experimental ten5)erature 
viscosity of methocell solution 
total volume of system 
velocity of run No. 1 
velocity of run No. 2 
velocity of run No. 3 
The porosity then was calculated as: 
6 = 1 - volume solids 
total volume 
3 v/ere: 
71|.5016 gms. 
2.753 gms,/ml. 
^8 ml. 
26.6O®C. 
0.0711 poises 
535 ml. 
0.017i|3 cm./sec 
0.01770 cm./sec 
0.01770 cm./sec 
= 1 - 7l[.5b/2.753 
535 
= 1 - 0.0506 
= 0,9h9h 
Prom the porosity, the function (p ' was calculated as 
I f 
CP = 
1 - £ 
(0.9k9h)^ 
0.0506 
a 17.81 
Ill 
Using the velocities, u, the terras u/</6= for the three 
mns vjfere obtained as 
^ _ 0.01743 (0.0711) ^ nmoncf 
Run No, 1 : « 0.001305 
0.91|94 
Run NO. 2 : 0-01770 (0.0711) , 0.00^3^ 
0.949i(. 
0.01770 (0.0711) ^ 
Run No. 3 J =• O.OOI32I+ 
0.9i^9i|. 
Analogous computations were performed on the data from 
the glass sphere tests and the results are given in Table 18, 
In Figure 20 the results given in Tables 17 and I8 are 
plotted as € against l/<^ * for convenient use in equation 
9ij.. A definite curvature vjas found in the plots of all the 
samples, a fact which is contrary to the theory. 
Because the results of the mica sedimentation at variance 
with theory, the sedimentation experiments with glass spheres 
v/ere undertaken to check equation 94* especially at very high 
porosities. According to theory, a straight line through the 
data should intercept the ordinate at the value l/^V, The 
value of 1/mV for the glass spheres was calculated to be 
14.$, 2. The curve through the sphere data intercepted the 
ordinate at this value v/ithout difficulty, but the reason for 
the curvature of the data has not been explained. 
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Permeability tests 
Permeability stucJies were made on samples of galena and 
magneslte of sizes larger than 100 mesh. For sizes below 80 
mesh, liquid flow rates were very small, and the corresponding 
permeability data were subject to considerable error due to 
poor calibration accuracy for the small Brooks' "Tru-Taper" 
6-25-1 rotameter in the lov/er 10 per cent range. 
Experimental data on mica, magneslte, and galena, and 
derived data calculated using Ergun's equation 8, are given 
in Tables 19 through in the Appendix. The specific surface 
v/as obtained from the ordinate Intercept value of a linear 
plot of /Ih^^ ^  /^LpGA. against QA//<(1 -f ), The intercept 
vjas KSygA., as given by equation 8. The specific surface, 
S, was then calculated using given values of the Kozeny 
constant K, and the known test column cross-sectional area A. 
As an illustration of the procedure for obtaining the 
specific surface, the following calculations v;ere made using 
data from Table ij.3 in the Appendix, The sample v;eight, sample 
density, and cross-sectional area of the test column were 
constant for any run. ' For minus 20 plus 2k mesh magneslte, 
these values were, respectively, 
M = 353*60 gms,, 
S = 2.957 gm./ml,, 
and A =s 17.72 sq, cm,, 
where M v/as the v/eight of the magneslte sample. Therefore, 
I lk  
« 353.60 
(17.72){2.957) 
a 6.7^ cm» 
The bed height, as read on the meter stick, v/as 2.55 cm. 
To this value was added the length of the compacted bed 
v;lthln the column support, that is, the distance from the 
supporting screen to the shoulder of the brass sleeve upon 
which the bottom of the meter stick rested. For the large 
column, this value, as obtained from the dimensions given 
in Figure 1$, was 8.61; cm. Therefore, 
= observed bed height + 8.6I|, cm. 
= 2.55 + 8.61| 
= 11.19 cm. 
The Lg vj&a the true depth of the compacted bed of magnesite 
particles, and xias used in calculating the bed porosity by 
the relation 
1 -E » LQ/L G 
= 6.75/11.19 
= 0.602 
= 0.398. 
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The porosity function v/as calculated as 
= (Q'398)3 
(0.60 2)^ 
= 0.171^0 
The first set of readings on the permeability runs showed 
a water temperature of 2l;«70°C,, a Brooks' R-8M-600-1 rota­
meter reading of 1.528, and a manometer reading of 71»6 cm, 
water. Prom these data, the viscosity, density, and flow 
rate of the water were found to be 0.00901 poises, 0,9972 
gms,/ml., and 96,8 gms./sec., respectively. These values 
are recorded in the first line of Table [j.3. The Lp length 
of packed bed over which the pressure drop occurred was 
0, 250 inches less than the terra since the lov/er pressure 
tap was located above the particle support screen by this 
araoimt. Therefore, 
Lp = observed bed height + 8.01 cm, 
= 2.55 + 8,01 
= 10,56 cm. 
Finally, the Ergun terms were evaluated as: 
cf> ^ 71.6(0.9972) ^(0,17ij.0) 
/«fLp GA (0,00901) (10,56) (96. 8) 
= 1.31). 
Il6 
and GA 96.8 
(1 ) (0.00901)(0.602) 
= 17,850 
The last two columns of Table Ergun terras, are 
plotted In Figure 21. The value of the ordinate intercept 
is 0.736. Since the intercept 
KS^gA = 0.736 
where the Kozeny constant K is taken to be i|.97 (35)> the 
specific surface term becomes 
Figure P.2 is a plot of the calculated specific surfaces 
of mica, galena, and magnesite, obtained from the pemeability 
data as illustrated above. The mica surfaces were calculated 
however, by taking a Kozeny K = l5, following the recommendation 
of Coulson (10) on the value of the Kozeny constant for flow 
through beds of flat plates, in x-zhich the flat surfaces of the 
plates viere oriented normal to the flow of fluid. 
The values of the experimental specific surfaces are also 
given in Table l5. In two instances the specific surfaces 
and 
= 0.736 gA/K 
= 0.736 (980.6)(17.7?)A.97 
= 26KO 
S = 51.6 sq. cm./cu. cm. 
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Table l5. Specific surface of experimental minerals 
Specific surface. sq, cm./cu. cm. 
Mesh 
size Mica Galena Mapinesite 
-9+10 - - 53.9 
-10+1? - - 74.9 
-12+li|. - - 86.0 
-Ii|+l6 635 79.0 114. 
—16+20 706 99.4 120. 
-20+2if 1025 122. 14^.^ 
-2l^+28 939 130. 16?. 
-28+32 1266 151. 165. 
-3 24-35 1312 161. 204. 
-35+1^2 1362 170.® 249. 
-42+48 - 178. 255. 
-46+60 - 200. 290. 
-60+65 - 208. 321. 
-65+80 256. 351. 
^Interpolated from Figure 21, 
^Interpolated from Figure 21, 
lao 
obtained from the permeability measurements v;ere obviously 
in error. Interpolated values from the curves in Figure 21 
have been inserted in Table l5 in these latter instances, 
Fluidlzation and hindered settling tests 
Pluidization and hindered settling experiments in water 
were carried out for the magnesite and galena minerals. It 
v/as found that batch fluidization of mica vjith water was 
virtually in5>ossible in the experimental apparatus. Instead 
of forming an expanded and particulate bed at a unique liquid 
flow rate, as experienced with the other minerals, the com­
pacted mica slowly ascended the test column as a porous plug, 
when the ascent of the mica plug was halted at some point in 
the test column by stopping the flow of liquid, the plug 
remained at this point, supported, evidently, by the v/alls 
of the column. The mica plug was broken up by means of 
quick jolts of water flov;, the disintegration progressing 
from the bottom of the plug upward. No technique was found 
which x>rould produce uniform, particulate fluidlzation of any 
of the mica screen sizes that were tried, FVirther attempts 
at fluidlzation of mica were abandoned. 
Fluidlzation of magnesite and galena was quite successful. 
However, it v/as not possible to produce a uniform, particulate 
fluidlzed bed of the very largest magnesite and galena sizes. 
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since "slugging" occurred at all porosities for these very 
large particles. The tendency to "slug" decreased rapidly 
with decreasing particle size. 
The observed data from the galena and raagnesite tests 
are given in the Appendix, Table 52 through Table 73' Most 
of these tests included both fluldizatlon and hindered 
settling observations except for the very largest particles 
of both minerals. 
The Kozeny number, KQ(1 + ^ke^' calculated from the 
fluldizatlon and hindered settling data by means of equation 
67. The specific surfaces used in this equation were those 
obtained from the permeability tests, which have been previ­
ously given in Table l5. 
The spherical diameters, Dg, were determined from the 
Tyler screen sizes of the sample, and the ratios of the 
particle dimensions given in Table 10. The average particle 
volume was confuted as the product abc. The average of the 
c/rg values for the minus 8 plus 10 mesh, and the minus lj.8 
plus 60 mesh galena, was 1.055* The average of the b/c 
values for these two galena sizes was 1.553. The dimension 
ratios of the average galena particle was thus corrected to 
1.553*l*000:0.8ll, Likewise, the average of the c/rg values 
for the minus 6 plus 9 mesh, and minus L{.6 plus 60 mesh magne-
alte was found to be 1,238, and the average of the b/c ratio 
of these magnesite sizes was 1.584» the latter value v/as used 
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to correct the magneslte dlraension ratios to 1.584:1*000^0-581. 
The method of calculating the spherical diameter, D , is illus­
trated by the folloviing example, using minus 10 plus 12 mesh 
galena. The dimensions of the openings in the 10 mesh and 
12 mesh Tyler screens are 0.l65l cm. and 0.1397 cm., respective­
ly* giving the arithmetic average rg of 0.1^24 Thus, for 
the average galena particle, 
c a 1.055 (0.1524) 
« 0.1618 cm., 
b = 1.553 (0.1618) 
s= 0. 2514 cm., 
and 
a =3 0.811 (0.1618) 
« 0.1312 cm. 
Then, 
average particle volume » (0.1618)(0.25l4)(0.1312) 
= 0.005337 cu.cm., 
and the spherical diameter, 
1/3 
Dg s= (6( volume)/IT ) 
= (6(0.005337 )/3.1416)^/^ 
= 0. 2170 cm. 
The spherical diameters for all the screen sizes of galena and 
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raagneslte including the minus 65 plus 8o mesh size were com­
puted by this procedure. The results are given in Table l6. 
The correction factor (1 + Pp) for a given Reynolds' 
number was calculated from the values of (1 + Pp)/(1 + Pp)g 
obtained from the correlating curve of Figure 9. The terra 
(1 + Pp)a w®® coirqjuted using equation 6$, Since the particle 
dimension ratio &/</bc^ was assumed constant for any screen 
size of a particular mineral, the (1 + Pp)Q terra was likewise 
constant for any size. The raethod of calculating this cor­
rection terra is Illustrated in the follovdng example, using 
the galena data from Table 10. The corrected dimension ratio 
for galena has been given as 1.553:1.000:0.811. Thus the 
parameter 
a//b^ = 0.8ll/y 1.553(1.000)' 
« 0.651 
For this value of the parameter, the values of and Mg in 
equation 85 are found to be 1.076 and 0.i[94* respectively, 
from Figures 7 and 8. Substituting these values into 
equation 85* 
(1 + Pp)g = Ml + (b/c - Dm^ (85)  
« 1.076 + (1.553 - l)(0.ii.9U) 
« 1.31^9 
By the same procedure, the value of (1 + P„)„ for raagneslte P ° 
was found to be l.i465. 
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Table l6. Nominal spherical diameters for galena and 
magnesite sait^les 
Spherical diameter Dg, cm. 
Mesh 
size 
Average 
screen 
dimension 
(cm.) Gralena Magnesite 
(10,12) 0.1524 0.2170 0.2280 
(12,14) 0.1282 0.1810 0.1918 
(111, 16) 0.1060 0.1497 0.1582 
(16,30) 0.0937 0.1324 0.1400 
{20, 2H) 0.0792 0.1121 0.1184 
(2K. 28) 0.0645 0.0898 0.0963 
(28,32) 0.0542 0.0767 0.0809 
(32,35) 0.0456 0.0645 0.0699 
(35,i[2) 0.0384 0.0543 0.0574 
(1+2,1|8) 0.0323 0.0457 0.0483 
(i|.8,60) 0.0270 0.0382 0.0404 
(60,65) 0.0227 0.0322 0.0339 
(65,80) 0.0192 0.0270 0.0278 
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Once the spherical diameter, Dg, and the correction 
factor, (1 + Pp)g* were determined, the calculation of the 
Kozeny number, K^d + Pke^' readily accomplished with 
the observed data. As an Illustration of the calculation 
procedure, the first set of data from Table ^6 In the 
Appendix, that of minus 35 plus If.2 mesh galena In water, 
v/as analyzed as follovis: 
weight of san?)le M = ii.17.60 gms,, 
density of sample 5 == 7.3l|0 gra./ml., 
area of column A = 5. 
from Table l5> the specific surface of the galena 
S 5= 170. sq. cm./cu.cm.; 
and from Table 16, the nominal spherical diameter was 
D s* 0,0543 cm, 
s 
A-lso, from the previous calculation of the shape parameters 
for galena and magneslte. It was found that for galena, 
(1 + Pp)g = 1.3lf9. 
The observed data from the fluldization test were: 
fluid velocity u = l.i^82 cm,/sec., 
fluid density a 0,997 gm./ral., 
fluid viscosity M ss 0.00898 poises. 
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and the absolute height of the fluid!zed interface above the 
bed support screen vms 
= 23.13 OM* 
Prom these data, the compacted particle bed height was 
computed as 
Lq ts M/A8 
= W.60/(5.325) (7.31^0) 
as 10,68 cm. 
and the fractional solid volume as 
1 - € « Lq/L^ 
= ,10.68/23.13 
- 0.4625 
Thus, the porosity of the fluidlzed bed was 
€ = 0.5375 
and the slip velocity 
u' = u/6 
l.ij.8^0.5375 
« 2.780 cm./sec. 
The porosity function was calculated to be 
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2  
1 -6 
= (0-^37^)^ 
0.4625 
a 0.625 
The Reynolds' number based on the spherical diameter was 
Prom the correlating curve in Figure 9, the value of the 
factor (1 + F_)/(l + P_)_ for the Re value of l6,8 was P P S 
determined as 
Ihe forms of the expressions for the Kozeny number and the 
Reynolds' number used in the calculations were: 
Re = DgU /> //A 
» (0.0543)( 2.780)(0.997)/0.00898 
= 16.8 
(1 + Fp)/(1 + Fp)g » 2.63 
Thus, the correction factor was calculated as 
1 + Fp a 2.63 (1.349) 
= 3.55 
(67) 
s 
128a 
and 
Re ss 
S(1 ' € )/< 
» iLliif (77) 
Substituting the given data into these last expressions gave 
for the Kozeny number, 
Ked + Fj^e) = [ (7-340 - 0.997) (960 . 6) __ 16(3.^5) 
® (170)^ 1 0.00898 (2. 780) (0.051^3)^. 
=: (2.if95 - 0.217) (10^) 
2.89(10^) 
= i+.92 
and for the Reynolds' number. 
Re = i+d.1+82) (0.997)/0.462^(0.00 898) (170.) 
= 8.38. 
The results of applying this calculation procedure to 
the fluidizatlon and hindered settling experiments are given 
in the Appendix, Table 52 through Table 73* as the Kozeny 
number, KQ(1 + P^e)* Reynolds' number based on 
specific surface, i|.u/o//<(l -€ )S, These results have been 
plotted in Figures 23 and 2ij. for the galena and magnesite, 
respectively. The compacted bed curve, K(1 + Pj^.^) versus Re, 
has been reproduced on both figures. Also, an envelope of 
Loeffler'a data (35) has been constructed on both figures for 
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comparison with the galena and magnesite data. A curve 
representing Loeffler's data for fluidization of lead 
shot in water has also been plotted on Figure 23-
Discussion 
Sphericity studies 
The sphericity studies v;ere completed before the works 
of Malaika (ij.2) and Pramanik (I4.9) were known. Several con­
clusions were reached independently in the sphericity studies 
which iT^ ere confirmed by the results of Malaika and Pramanik. 
These were first, that sphericity, calculated from free fall 
studies on a particle shape, is extremely sensitive to particle 
orientation, and second, that sphericity is not a good hydro-
dynamic measure of particle shape both by virtue of the first 
conclusion and because of the difficulty of directly measuring 
sphericity. 
Apart from the matter of orientation effects, the differ­
ence in calculated sphericities for the Raschig rings in the 
two fluids was due to the effect of the cylindrical hole in 
the center of the rings, Plovi of the most viscous fluid 
through the hole was almost nonexistent. Hence, the Raschig 
ring appeared to the fluid as an almost solid shape, resulting 
in a higher sphericity than vjas obtained in the least viscous 
fluid. 
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The most striking result of the sphericity studies was 
the wide variation in the calculated sphericities within a 
series of runs with a given particle. This v/as due almost 
entirely to particle orientation, since experimental error 
v;as relatively small for a series of runs. The largest source 
of experimental error always v/as in the timing of the descent 
of a particle. However, estimated timing error was usually 
less than 5 per cent. 
If sphericity were an iii5)ortant variable in describing 
the motion of a nonspherical particle, justification could, 
be found for the large expenditure of time involved in its 
determination. Since sphericity has been shown to be of 
questionable theoretical value, its engineering usefulness 
is negligible, 
Methocell sedimentation tests 
The curvature of the sedimentation results iifith mica 
and small glass beads, as shown in Figure 20, are believed 
to be due to flocculation of the particles in the methocell 
solution. This appears to be the reason for the failure of 
the reciprocal velocity term, € /yO(u, to be a linear function 
of the reciprocal porosity function, V<T'. The flocculation 
hypothesis v;as partially verified by the action of the com­
pacted bed of particles in the bottom of the sedimentation 
vessel at the end of the runs. It was noticed that if a 
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sample were allowed to remain In the sedimentation vessel 
overnight, the solids compacted. This compaction was some­
times over 100 per cent In the case of mica. Although this 
phenomenon Is not uncommon In the sedimentation of extremely-
fine particles. It Is uncommon with particles as large as 
200 mesh. Evidently the forces that held the' compacted bed 
In the porous state were elastic, rather than permanent, and 
were not strong enough to resist the buoyant force on the 
particles v/hlch caused the solid mass to become more compact. 
These elastic forces must have also been the cause of the 
particle flocculatlon In the dispersed state during 
sedimentation. 
The source of the elastic forces was probably micelles 
of hydrated methocell. The methocell powder vjent into 
"solution" by the hydration of successive layers of the 
methyl cellulose structure of the solid. A wetted granule 
of methocell powder vias very sticky; a small micelle of this 
nature would provide a convenient bond betxveen two particles 
of a suspended solid sample. 
The velocity of sedimentation was conveniently measured 
by the photocell apparatus. That this procedure gave the 
true velocity of the mass center of the sedimenting mass was 
proved by the linearity of the time-position readings during 
the sedimentation process. If the velocity of the diffuse 
interface measured by the photocell was that of the varied 
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size fragments causing the turbidity, rather than that of 
the bulk of closely sized particles, the measured velocity 
would have varied like the sedimentation readings with a 
Bouyoucos hydrometer (11). 
In spite of difficulties with the methocell solution, 
the general procedure was effective in investigating the 
sedimentation process at porosities higher than could be 
achieved in a fluidization apparatus. Also, this procedure 
v;as evidently the only technique for obtaining expanded bed 
data for mica samples. 
In Figure 2$ a comparison of the sedimentation results 
of the No. 13B glass spheres in methocell solution is made 
viith the data of Loeffler (35) on glass spheres in ethylene 
glycol# Steinour (51|.) on tapioca spheres in lube oils, and 
Happel and Epstein (2l<.) on fixed cubic assemblages. The 
theoretical curves of Ruth (52), Hawksley (25), Steinour 
Brinkman (2) and tJchida (60) for the variation of the 
slip velocity-to-Stokes' velocity ratio, u'/V, with porosity, 
€ , have also been plotted for porosities greater than 80 
per cent. Figure 25 provides a good illustration of the 
effect of flocculation on the sedimentation velocities. 
Figure 25 also shows that the Ruth theory provides the best 
correlation for the data of Loeffler and Steinour, 
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Permeability tests 
The experimental apparatus proved very adaptable to 
permeability measurements. The results from applying the 
data to the Ergun equation showed that good precision of 
measurement was obtainable. The range of usefulness of 
the apparatus could be extended to the very small screen 
sizes by Installation of a battery of rotameters of very 
small capacity, 
¥lth the exception of the measured specific surfaces 
of the minus 35 plus ij.2 mesh galena, and the minus 20 plus 
2k mesh magneslte, the results for galena and magneslte 
showed the usual rate of Increase of specific surface with 
decreasing particle size common to crushed minerals (11). 
A smooth curve, or straight line, ideally could have 
been drawn through the specific surface data for spheres 
in Figure 22. For galena and magneslte, hov/ever, a smooth 
curve v/as not expected and the spread of data obtained is 
usual with Irregular, crushed minerals. 
The calculated value of the specific surface depended 
on the magnitude of the Kozeny constant, K, for packed beds. 
A K value of i)..97 was chosen for both magneslte and galena. 
This was the theoretical value of the constant given by 
Ergun (l6), and it vias also the average of teats on many 
materials as determined by Carman (7) and Meyette (1+5). 
The work of Coulson (10) on flow through beds of regular 
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particles showed that the K had a value of about 1^ ,3$ for 
beds of circular cylinders, and a value of about i^ .O for 
cubes. These latter values would have given higher specific 
surfaces for a given screen sample of a mineral, although 
the cylinder value of ij..86 would not have increased the 
surface value significantly. 
The mica samples exhibited abnormal compressibility 
during permeability tests. It is certain that not enough 
time elapsed betv/een individual readings on a given mica 
sample for equilibrium to be established. Mica permeabilities 
would have to be treated by Tiller's technique (58> 59) to 
yield consistent permeability data. Tiller's consolidometer 
tests on compressible materials showed that a time interval 
of 20 minutes was often necessary for a corr^ jressible material 
to reach porosity equilibrium following an increase in the 
force applied to the compacted material, 
Fluidization and hindered settling tests 
The particle shape parameters a/ /be' and b/c used in the 
determination of the correction factor 1 + Pp for a non-
spherical particle resulted in a calculated Kozeny number, 
Kgd + Pke^ » that vjas essentially a constant in the turbulent 
fluldlzed flow region. This result differs from Loeffler's 
results on fluidization and hindered settling of spheres. 
Loeffler found that in general the calculated K^ Cl + 
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value for a series of runs on a sample of spheres plotted 
as a concave curve upv/ard with one point anchored on the 
fixed bed curve of K(1 + Picg) versus DgU/'//t<(l 
Loeffler also found that the minimum point on each 
Kg(l + Pj^ g) curve was never less than which confirmed 
Ruth's theoretical deduction of the value of the constant 
in viscous fluidization. 
The magnitude of the 1 + Pp terra in the right hand 
member of equation 6? was much greater at a given Reynolds' 
number than the corresponding 1 + Pg term used in the Ruth 
development for fluidization of spheres. The divergence 
between the 1 + Pp term calculated using the shape parameters 
a/y be', and b/c, and the Ruth's equation 70 which atteir5)ts 
to account for particle shape, has been shown in Figure 11. 
This divergence increased with increasing Reynolds' number. 
Thus the calculated value of K0(1 + Pj^ e) ® non-spherical 
particle was less than the Kozeny number for a sphere having 
the same nominal diameter, principally because of the smaller 
value of the terra in brackets on the right hand side of 
equation 70. 
Pluidization of the magnesite samples started with values 
of the Kozeny number on the compacted bed curve, and v/ith 
increasing porosity the Kozeny number decreased to a constant 
value of about 3*9 - 4*0. The great majority of the calculated 
Kozeny numbers clustered about this constant value. A few 
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data were obviously In errorj e.g., the minus 20 plus 2\\. 
mesh data plotted In Figure 2li were extremely low. The 
results for the largest raagneslte particles vjere erratic, 
but measurement xvas very difficult because of "slugging**, 
and thus the bed heights could only be estimated. 
The results of the galena fluldlzatlon and hindered 
settling plotted in Figure 23 crossed the compacted bed 
curve, which was a theoretical impossibility. It is certain 
that this was due to using incorrect specific surface values 
for the galena. If the Kozeny constant 1)..97 used in calcu­
lating the specific surfaces withErgun's equation 8 vms 
reduced to about 3.9, the resulting increase in specific 
surface would bring the initial KQ(1 + points for 
galena dovm to the compacted bed curve. It has been 
mentioned that Coulson obtained a value of about J[|.0 for 
the Kozeny constant for flovr through a bed of cubes. Since 
galena particles have the shape of rectangular prisms, it 
is probable that the Kozeny constant for flov; throu^  a 
compacted galena bed has a value of around ij..O, rather than 
5.0. 
Except for the obvious error in the Kozeny number, as 
mentioned above, the curvature of the galena data follovjed 
the same pattern as that of raagneslte, thus exhibiting the 
same deviation from the sphere results of Loeffler as did 
the magnesite. 
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The calculated Kozeny numbers for hindered settling 
of magneslte particles correlated well with those from the 
fluidlzation data. The hindered settling velocities were 
about the same as the fluidlzation velocities at any given 
porosity of the expanded bed. The hindered settling veloci­
ties were less accurately determined than fluidlzation ve­
locities, since errors were introduced by the timing pro­
cedure. The hindered settling velocities for galena, 
however, were invariably less than the fluidlzation veloci­
ties, which resulted in higher Kg(l + values for the 
hindered settling tests. It was noticed that when the 
upward flow of water through the fluidized bed vms suddenly 
stopped, the galena remained motionless for an Instance 
before beginning its descent. Since the stop v/atch was 
started the instant the water flov; vjas cut off, this time 
lag contributed to the lower average hindered settling 
velocities. 
The results from the fluidlzation and hindered settling 
tests indicate a general method for handling problems in­
volving the particulate fluidlzation and sedimentation of 
non-spherical particles. The essential experimental data 
needed are the density and viscosity of the fluid used, the 
density and the three dimensions of the average particle, and 
the specific surface of the solids. The nominal spherical 
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diameter, and the Stokes' correction factor (1 + Pp)s a" 
readily calculated by means of the procedure worked out in 
this thesis. The point of incipient fluidization can be 
calculated from Kozeny's equation 59 by substituting the 
buoyant force of the solids, V/( 6 )g/kS , for the pressure 
drop terra in Kozeny's equation. This point of incipient 
fluidization fixes the end of the K^ d + PJ^ Q) curve, as in 
Figure 24. The Kozeny number curves are evidently parallel 
to each other, a point in common with Loeffler's results 
vjith spheres. Such a curve is drav/n on the Kg(l + 
versus ) graph, starting at the point of 
incipient fluidization. The required fluidization velocity 
to achieve at given porosity is calculated by trial and error 
from either equation 67 or equation 61^ , using the constant 
Kozeny number determined from the plot. The correct 
velocity is such that the calculated 1 + Pp for that 
velocity subtracts from the ( 8 )g/u^  term in the 
right hand side of equation 67 so that the predetermined 
Kozeny number is checked. 
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CONCLUSIONS 
A modification of the original Ruth theory for fluidl-
zation and hindered settling of spheres was derived for 
treating the relative motion of fluids and expanded aggre­
gates of non-spherical solids. The modified theory retains 
the original Ruth asstimption that the forces resisting the 
motion of a particle within an aggregate are the Stokes* law 
force acting on a single particle plus a frictlonal force 
analogous to that experienced by a fluid passing through a 
compacted bed of particles. 
The modified theory results in an equation of the form 
u' V (GG) 
S?/<<Kg(l + Fi£e)Da^  + l8 4)'(1 + 
The averages of the three mutually perpendicular 
dimensions of a sample particle can be conveniently and 
satisfactorily obtained by direct measurement by micrometer 
or microscope. The average of each dimension can be rapidly 
obtained by plotting the dimension frequency data on arithmetic 
or logarithmic probability graph paper, depending on whether 
the frequency data is symmetric or skew-symmetric. 
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It v;as found that the ratios b:c:a betw<^ e^ the averages 
of the three mutually perpendicular dimensions of the parti­
cles In the sample were essentially Independent of the Tyler 
screen size of the solid sample. It v/as also found that the 
ratio of the average intermediate dimension, c, to the 
arithmetic average of the dimensions of the openings of the 
passing and retaining screens was essentially constant over 
a considerable variation in the screen sizes of the mineral. 
These facts permit the calculation of the averages of the 
three particle dimensions of a mineral from the knowledge of 
the dimensions of the openings in the passing and retaining 
screens. 
The nominal spherical diameter» of the average 
particle in a sample_ v/as satisfactorily computed from an 
average^ particle voliTO^  obtained from the product of the 
averages of the,, three^  m^  perpendic\y.ar particle 
dimensions, 
The factor (1 + Pp)s» correcting the Stokes' resistance 
equation for non-spherical particle shape, can be most accu­
rately determined by assuming the particle resistance to be 
the same as the resistance of an ellipsoid having the same 
dimensions as the particle. The resistance to motion of an 
ellipsoid, solved by use of the Oberbeck integrals, can be 
conveniently correlated with the two shape parameters a/>/be' 
and b/c. 
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The factor 1 + Pp, correcting Stokes' resistance 
equation for both turbulence and shape effects, can be 
shoi-m to have the form 
1 + Pp = (1 + Pp)s-f(Re) (96) 
where the turbulence and shape effects are separated. In 
the absence of a general theoiTr of turbulent motion of a 
particle, the function of the Reynolds' number v;as found 
empirically from the free fall studies of Malaika and 
Pramanik. 
The specific surfaces of a sample of crushed mineral 
can be most readily found from permeability data. A plot 
of the data in the form of the modified Ergun equation 
(97) KS? 13  ^ GA 
L^pGA gA 8 gA? 
gave a linear relationship betv;een the variables 
/yuLpGk and GA//>c(l -^ ), The specific surface 
can, therefore, be calculated from the graphically determined 
intercept, KS /gA, by designating some value to the Kozeny 
constant K. The common value of the Kozeny constant is about 
5.0, but it appears that for galena, the value should be about 
4,0. 
It was shovm that a plot of the calculated K^ d + Pj^ g) 
values as a function of the modified Reynolds' number 
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l+U/0/S/^ (l -€ ) for fluldlzation and hindered settling of 
galena and raagnesite was essentially independent of the 
modified Reynolds' number for a fully expanded particulate 
bed. The position of the resulting shallovj curves were 
dependent on the Reynolds' number at incipient fluidization. 
The insensitivity of the Kg(l + values of non-
spherical particles to the Reynolds' number is due to the 
effect of the shape parameters on the values of the 1 + Pp 
terra. 
Although much work remains to be done on establishing 
the values of the Kozeny number, K^ d + P^ e^ ' other 
particle shapes than the ones used in this research, and 
for very high porosities, it is believed that the general 
correlation pattern found for magnesite and galena will be 
verified. Therefore, the method of correlation expressed 
by equation 95 affords a practical and convenient solution 
to problems involving the motion of solids in fluids, in 
terms of physical quantities that are relatively easy to 
obtain in the laboratory. 
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APPENDIX 
Table 17. Results of sedimentation of mica in aqueous raethocell solution 
Trans-
Test 
No. 
Run 
No. 
Temp, 
®C. 
Viscosity 
(poises) 
xlo2 
Velocity 
(cm./sec.) 
xl02 
Porosity 
mittance 
(micro-
amps) 
Ux<C 
€ 
xlO^  <t>' 
80-1 
5^ 
31.70 
31.90 
5.98 
5.9ii. 
4.36 
4.95 
0.9726 
0.9726 
20 
20 
26.80 
30.25 
34.50 
34.50 
80-2 1 
2 
3 
32.00 
32.10 
32.20 
5.92 
5.90 
5.88 
3.2^ |8 
3. 220 
3.244 
0.9480 
0.9480 
0.9480 
18 
16 
18 
20.30 
20.05 
20.14 
17.29 
17.29 
17.29 
80-3 1 
2 
3 
31. 
31.35 
31.25 
6.03 
6.06 
6.08 
2.780 
2.814 
3.036 
0.9248 
0.9248 
0.9248 
10 
10 
10 
18.13 
18.43 
19.95 
11.38 
11.38 
11.38 
80-i^  1 
2 
3 
31.30 
31.20 
31.20 
6.06 
6.08 
6.08 
2.774 
2.820 
2.755 
0.9139 
0.9139 
0.9139 
8 
8 
8 
18.38 
18.74 
18.32 
9.790 
9.790 
9.790 
100-1 1 
2 
3 
25.60 
25.50 
25.65 
7.36 
7.39 
7.35 
6.66 
6.42 
6.44 
0,9818 
0.9818 
0.9818 
2 
2 
2 
49.9 
48.4 
48.2 
52.94 
52.94 
52.94 
100-2 1 
2 
25.55 
25.55 
25.60 
7.37 
7.37 
7.36 
3.958 
3.958 
3.818 
0.9632 
0.9632 
0.9632 
2 
2 
2 
30.30 
30.30 
29.18 
25.20 
25.20 
25.20 
100-3 1 
2 
3 
25.60 
25.68 
25.68 
7.36 
7.3U 
7-3h 
2.876 
2.876 
2.876 
0.9462 
0.9462 
0.9462 
2 
2 
2 
22.38 
22.35 
22.35 
16.62 
16.62 
16.62 
Table 17. (Continued) 
Test 
No. 
Run 
No. 
Ten^ . 
°C. 
Viscosity 
(poises) 
xlO^  
Velocity 
(cm./sec.^  
xl02 
100-4 1 25.60 7.36 2.548 
2 25.5b 7.39 2.494 
3 25.40 2.345 
4 22.92 8.06 2.140 
5 23.08 8.02 2.140 
115-1 1 29.80 6.38 3.745 
2 30.00 6.34 3.712 
3 30.20 6.30 3.712 
115-2 1 30.1^ 5 6.25 2.394 
2 30.65 6.20 2. 226 
3 30.90 6.15 2.265 
115-3 1 26.60 7.11 1.743 
2 26.60 7.11 1.770 
3 26.60 7.11 1.770 
115-4 3 26.55 7.13 1.578 
k 26.65 7.10 1.580 
150-1 1 25.45 7.40 3.500 
2 25.70 7.34 3.474 
3 25.95 7.27 3.474 
150-2 1 26. 20 7.21 2.115 
2 26.35 7.17 2.494 
3 26.55 7.14 2.362 
4 25.60 7.^  2.165 
Trans­
mit tance 
Porosity (micro-
amps) 
0.9294 2 
0.9294 2 
0.9294 2 
0.9294 2 
0.9294 2 
0.9839 12 
0.9839 10 
0.9839 10 
0.9654 10 
0.9654 10 
0.9654 10 
0.9494 8 
0.9494 6 
0.9494 h 
0.9326 2 
0.9326 2 
0.9885 6 
0.9885 6 
0.9885 6 
0.9754 6 
0.9754 4 
0.9754 4 
0.9754 k 
VL^ 
xlO^  
20.18 12.22 
19.82 12.22 
18.68 12.2? 
18.56 12.22 
18.48 12.2? 
2l|.25 60.1 
23.91; 60.1 
23.75 60.1 
I5.1f9 26.9i; 
lk'32 26.9U 
14.I1.2 26.94 
13.05 17.81 
13.24 17.81 
13.24 17.81 
12.08 12.91 
12.03 12.91 
26.20 85.00 
25.80 85.00 
25.54 85.00 
15.62 38.65 
18.32 38.65 
17.32 38.65 
16.34 38.65 
Table 1?. (Continued) 
Viscosity 
Test Run Temp. (poises) 
No. No. °G. xl02 
150-3 1 25.70 7.34 
2 26.00 7.20 
3 25.85 7.30 
4 25.85 7.30 
5 24.60 7.61 6 24.90 7.54 
150-4 1 25.35 7.42 
2 25.5b 7.39 
3 25.60 7.36 
4 25.60 7.36 
170-1 1 25.90 7.28 2 26.25 7.20 
3 26.35 7.17 
170-2 1 26.20 7.21 
2 26.35 7.17 
3 26.55 7.13 
170-3 1 26.50 7.14 2 26.50 7.14 
3 26.50 7.14 
170-4 1 26.40 7.16 
2 26.40 7.16 
3 26.45 7.15 
Velocity 
(cia./sec.) 
xlQg 
1.907 1.891 
1.883 
1.972 
2.214 1.882 
1.578 
1.^ 78 
1.578 
1.578 
3.0ii5 
2.962 
3.045 
2.115 
2.084 
2.115 
1.738 
1.788 
1.718 
1.548 
1.484 
1.456 
Trans-
mittance 
Porosity (micro-
araps) 
0.9646 4 0.9646 4 
0.9646 4 0.9646 2 
0.9646 2 
0.9646 2 
0.9527 2 
0.9527 2 
0.9527 2 
0.9527 2 
0.9872 2 
0.9872 2 0.9872 2 
0.9752 2 
0.9752 2 
0.9752 2 
0.9631 2 0.9631 2 0.9631 2 
0.9512 2 
0.9512 2 
0.9512 2 
xlO^  
14.52 26.28 
14. 22 26. 26 14. ^  26. 28 
14.92 26.28 
17.42 26.28 
14.70 26.28 
12.30 19.18 
12.24 19.18 12.19 19.18 
12.19 19.18 
22.45 76.1 21.60 76.1 
22.10 76.1 
15.62 38.32 
15.33 38.32 
15.47 38.32 
12.90 25.12 
13.27 25.12 
12.75 25.12 
11.61 18.53 
11.18 18.53 
10.94 18.53 
Table 1?. (Continued) 
Test i?un Temp. 
No. No. °C. 
200-1 1 23.75 
2 23.75 
3 23.75 
300-2 1 23.78 
2 23.70 
3 23.80 
200 -3 1 23.92 
2 2^ .08 
3 21.92 
200-k 1 22.75 
2 23.30 
3 23.70 
Viscosity 
Velocity 
(poises) (cra./sec,.) 
xlO'^  xlO^  
7.84 2.700 
7.81+ 2.604 
7.81+ 2.565 
7.83 1.665 
7.85 1.530 
7.82 1.5^ 4 
7.79 1.186 
7.75 1.262 
8.33 1.170 
8.11 1.025 
7.96 1.022 
7.85 1.022 
Trans-
mi ttance 
Porosity (micro-
an^ s) 
0.9891+ 2 
0.9891+ 2 
0.9891+ 2 
0.9783 2 
0,9783 2 
0.9783 2 
0.9665 2 
0.9665 2 
0.9665 2 
0.9550 2 
0.955b 2 
0.9550 2 
u 
e 
xlO^  
21.1+0 
20.65 
20.34 
92.3 
92.3 
92.3 
13.32 
12.26 
12.03 
1+4-05 
4i|.o5 
44.05 
9.56 
10.12 
10.08 
27.75 
27.75 
27.75 
8.70 
8.53 
8.1+0 
20. 25 
20. 25 
20.25 
1^5 
Table l8. Results of sedimentation of No. 13B glass 
spheres in aqueous methocell solution 
Viscosi^  Velocity 
Run Terap. XxlO^  u  ^, 
No. °C. (poises) (cm./sec.) xlO^  
Test 1. s^ 0,99466# A= 26 microaraps, <^ ' s 18^ .3 
1 26.60 7.105 0.1956 13.97 
2 26.70 7.088 0.1960 13.97 
3 26,90 7.0if2 0.1858 13.15 
k 26.20 7.210 0.1963 li|.23 
5 26.12 7.232 0.1813 13.18 
6 26.05 7.250 0.1913 13.9I1 
7 26.00 7.262 0.1906 13.92 
Test 2. 0.98966, 2ij. microaraps, (f)' = 9i|.72 
1 25.I1O 7.U10 0.1558 11.66 
2 25.20 7.460 0.1585 11.95 
3 25.15 7.472 0.1554 11.73 
4 25.05 7.500 0.1573 11.92 
Test 3. 0.98478, 22 microaraps, = 63.72 
1 25.15 7.472 0.1510 11.46 
2 25.30 7.436 0.1524 11.50 
3 24.68 7.595 0.1482 11.43 
4 24.68 7.595 0.1483 11.44 
Test 4"  ^- 0.97980, 20 microaraps, 47.53 
1 24.55 7.625 0.1388 10.80 
2 24.90 7.536 0.1442 11.09 
3 24.85 7.55b 0.1445 11.13 
4 25.00 7.512 0.1448 11.10 
Test 5. 0.97488> 18 raicroamps, (|)* = 37.83 
1 26.15 7.225 0.1455 10.78 
2 26.20 7.212 0.1431 10.59 
156 
Table l8. (Continued) 
Run 
No. 
Temp. 
®C. 
Viscosity 
(poises) 
Velocity 
u 
(cm./sec,) 
U 
xlO-^ 
Test 6.  ^s 0.97008, 18 raicroaraps. (()' « 31.4^  
1 
2 
3 
27. uo 
27.55 
28.1^ 0 
28,35 
27.15 
6.922 
6.890 
6.692 
6.705 
6.985 
0.1448 
0.1440 
0.1705 
0.1482 
0.1414 
10.33 
10.23 
11.76 
10.24 
10.18 
Test 7.  ^= 0.9l;2if2, A= 16 raicroaraps. r= 15,42 
1 
2 
3 
27.25 
27.50 
28.35 
6.960 
6.90U 
6.705 
0.1236 
0.1238 
0.1275 
9.128 
9.069 
9.071 
Test 8.  ^= O.9199I1, A- 14 raicroaraps. <()' = 11.49 
1 
2 
3 
K 
28.60 
29.35 
29.80 
30.30 
6.65b 
6.4 80 
6.38k 
6.278 
0.1193 
0.1214 
0.1230 
0.1227 
8.623 
8.551 
8.536 
8.373 
Test 9. 6^ = 0.90013, A = 12 raicroan^s. <j>* = 8.113 
1 
2 
3 
K 
30. it5 
30.50 
30.60 
30.65 
6. 2IU1 
6.235 
6.212 
6.200 
0.1169 
0.1183 
0.1162 
8.097 
8.164 
8.004 
Test 10. 0.8802, 10 raicroaraps. (^ ' = 6.467 
1 30.55 6.220 0.1104 7.801 
Test 11.  ^= 0.8620, \ = 8 raicroaraps.  ^- 5.384 
1 
2 
28.12 
28.20 
6,760 
6.415 
0.09628 
0.1008 
7.55b 
7.502 
Test 12.  ^= 0.8464, 6 raicroaraps. (j)' = 4.664 
1 
2 
3 
if 
29.80 
30.00 
30.05 
30.10 
6.380 
6.340 
6.330 
6.320 
0.09564 
0.09625 
0.09657 
0,09610 
7.209 
7.210 
7.222 
7.176 
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Table 20. Permeability data of (lij., l6) mesh mica 
{cm.) (cm.) 
l6.il. 
16.0 
15.7 
15.4 
15.0 
14.5 
14.0 
13.4 
12.8 
12.3 
11.6 
10.8 
10.8 
10.8 
10.9 
10.9 
11.0 
11.3 
11.4 
11.7 
15.8 
15.4 
15.1 
14.8 
14.4 
13.9 
13.4 
13.0 
12.2 
11.7 
11.0 
10.2 
10.? 
10.2 
10.3 
10.3 
10.4 
10.7 
10.8 
11.1 
0.9194 
0.9174 
0.9158 
0.9142 
0.9119 
0.9088 
0.9056 
0.9013 
0.8968 
0.8926 
0.8860 
0.8777 
0.8777 
0.8777 
0.8788 
0.8788 
0.8800 
0.8830 
0.8840 
0.8870 
119.7 
113.2 
108.4 
103.8 
97.66 
90.24 
83.34 
75.16 
67.78 
61.65 
53.51 
45.21 
45.21 
45.21 
46.21 
46.21 
47.32 
50.30 
51.34 
54.^  
GA 
gni. gm. 
(poises) ml. sec. 
0.00902 0 .9972 2.92 
0.00902 0 .9972 4*06 
0.00903 0 .9972 5.20 
0,00904 0 .9972 6.42 
0.00904 0 .9972 7.34 
0.00904 0 .9972 9.05 
0.00904 0 .9972 11.43 
0.00904 0 .9972 13.70 
0.00903 0 .9971 15.81 
0.00900 0 .9971 17.89 
0.00898 0 .9971 19.73 
0.00895 0 .9970 21.95 
0.00892 0 .9970 19.85 
0.00892 0 .9970 15.58 
0.00893 0 .9970 12.06 
0.00894 0 .9970 8.85 
0.00894 0 .9970 6.60 
0.00894 0 .9970 4.50 
0.00895 0 .9970 2.33 
0.00895 0 .9970 1.16 
M = 
<5 = 
A = 
L„ = 
70.05 gms. 
2.912 gms./ml. 
17.72 sq. cm. 
1.322 cm. 
h^ 
(cm.HO) 
GA 
2. 
3. 
.9 
.85 
9.1 
12.6 
18.3 
24.6 
32.6 
42.7 
67.2 
51.1 
38.9 
27.3 
19.0 
11.8 
5.3 
2.4 
700 
719 
745 
823 
926 
993 
1093 
1142 
1262 
1392 
i486 
1716 
1672 
1621 
1612 
1540 
1456 
1372 
1200 
1132 
4025 
5450 
6840 
8290 
9230 
10980 
13400 
15420 
16960 
18500 
19300 
20050 
18180 
14280 
11140 
8I& 
6150 
4300 
2245 
1148 
Table 21. Permeability data of (l6, 20) 
^6 S € cb ^ 
' \ T (cm.) (cm.) ' (poises) ml. 
15.3 14.7 0.9124 99.09 0.00893 0.9970 
15.2 14.6 0.9118 97.1|7 0.00893 0.9970 
15.1 14.5 0.9113 96.14 0.00893 0.9970 
14.8 14.2 0.9095 91.86 0.00893 0.9970 
14.5 13.9 0.9076 87.56 0,00894 0.9970 
14.0 13.4 0.9043 80.74 0.00894 0.9970 
13.7 13.1 0.9022 76.78 0.00894 0.9970 
13.3 1?.7 0.8993 71.720.00894 0.9970 
12.9 12.3 0.8962 66.81 0.00891 0.9970 
12.5 11.9 0.8928 61.92 0.00890 0.9970 
11.8 11.2 0.8864 53.97 0.00888 0.9969 
11.4 10.8 0.8824 49.68 0.00885 0.9969 
13.0 12.4 0.8969 67.87 0.00884 0.9969 
13.2 12.0 0.8985 70.41 0.00884 0.9969 
13.7 13.1 0.9022 76.78 0.00884 0.9969 
15.4 14.8 0.9130 100.4 0.00884 0.9969 
M = 71.00 gms. 
S= 2.911 gras./ml. 
A = 17.72 sq. cm. 
Lq = 1. 340 era. 
mica 
GA 
gm. 
sec. ( cm.H^) 
2.10 0.6 
3.35 1.4 
5.00 3.3 
6.90 6.1 
8.68 8.8 
11.40 13.2 
14.15 18.4 
17.55 25.5 
19.75 31.9 
22.15 40.3 
22.40 51.6 
26.0 67.4 
1.30 1.9 
2.05 2.8 
2.88 3.7 
4.00 3.5 
GA 
^LpGA (1 -gr)^ 
214 2690 
311 4260 
488 6320 
637 855b 
711 10520 
776 13320 
848 16180 
914 19520 
979 21350 
1058 23200 
1242 22200 
1342 25000 
899 1427 
858 2285 
847 3332 
668 5200 
Table 22. Permeability data for (20, 21+) mesh mica 
(cm.) 
18.0 
17.9 
16.8 
16.li. 
16.0 
154 
IU.6 
13.9 
13.3 
13.3 
13. 
13.1+ 
13. i| 
13.5 
13.6 
13.8 
(cm.) 
17.U 
17.3 
16.2 
15.8 
l5.ii 
15.0 
lU.o 
13.3 
12.7 
12.7 
12.8 
12.8 
12.8 
12.8 
13.0 
13.2 
4> 
0.9183 
0.9169 
O.911U 
0.9093 
0.9070 
0.90 211-
0.8981 
0.8930 
0.8882 
0.8882 
0.8889 
0.8889 
0.8889 
0.8889 
0.8907 
0.8922 
YX 
(poises) 
113.6 0.00907 
111.6 0.00907 
96.52 0.00908 
91.1^ 8 0.00909 
86.27 0.00909 
77.15 0.00909 
69.77 0.00910 
62.21 0.00909 
56.08 0.00908 
56.08 0.00905 
56.91 0.00905 
56.91 0.00905 
56.91 0.00905 
56.91 0.00905 
59.15 0.00905 
61.11 0.00905 
gm. 
GA 
gm. 
M s= 76.33 gms. 
S- 2.818 gms./ml. 
A = 17.72 sq. cm. 
LQ = l.i|.88 cm. 
ml. 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
sec. 
0.95 
2.34 
3.55 
5.05 
6.33 
8.65 
12.1|1 
15.70 
18.82 
15.53 
12.01 
9.15 
6.97 
5.00 
3.38 
1.82 
(cm.HpO) 
1.3 
2.7 
H 10.5 
13.8 
22.6 
38.8 
56.7 
79.6 
64.8 
ij.9.0 
36.1 
26.25 
16.8 
10.0 
4.1 
GA 
LpGA Ml -g ) 
980 
816 
993 
1318 
1338 
1489 
1703 
1850 
20^ 8 
20 ?5 
1995 
1930 
181^ 0 
16k 2 
1462 
1147 
1282 
3110 
KK20 
6130 
7490 
975b 
13,380 
16,150 
18,520 
15,360 
11,956 
9100 
6930 
4970 
3415 
1658 
Table 23. Permeability data for (21]., 28) mesh mica 
Lp 
(cm,) (cm.) 
17.1 
16.8 
16.3 
15.7 
14.8 
lll.O 
13.1 
13.1 
13.2 
13.2 
13.3 
13.i+ 
13.7 
16.5 
16.2 
15.7 
15.1 
11+. 2 
13.4 
12.5 
12.5 
12.6 
12.6 
12.7 
12.8 
13.1 
6 4  ^
gm. 
GA 
gm. GA 
0.9183 
0.9168 
0.9143 
0.9110 
0.9056 
0.9002 
0 . 8931+ 
0 . 8931+ 
0.891+2 
0.891+2 
0.895b 
0.8968 
0.8980 
(poises) ml. sec. (cm.H^) ^ LpGA. ^ (1 ) 
116.0 0.00906 
111.3 0.00906 
lol+.o 0.00907 
95.56 0.00908 
83.31+ 0.00908 
73.21+ 0.00906 
62.75 0.00901+ 
62.75 0.00902 
63.88 0.00902 
63.88 0.00902 
65.03 0.00903 
66.Ii2 0.00903 
69.60 0.( 00903 
M = 7I+.04 gms. 
6 - 2.913 gms. 
A = 17.72 sq. cm. 
LQ = 1.397 cm. 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9971 
0.9971 
0.9971 
0.9971 
0.9971 
0.9971 
1.52 
2.63 
I+.35 
6.21+ 
8.5t) 
11.27 
li+.75 
11.50 
9.18 
6.96 
1+.75 
3.08 
1.72 
2.3 1168 2050 
l+.l 1177 21+90 
8.7 11+52 5600 
15.1+ 1712 7730 
27.1+ 2065 9920 
11, 380 
2555 15,300 
52.9 2556 11,960 
1+0.5 21+65 9530 
29.0 2330 7220 
17.1 2028 5010 
8.6 1597 3310 
2.65 902 1870 
Table 2li, Permeability data for (26, 32) mesh 
gm. 
() ' (poises) ml. 
Lp ^ ^ 
16.3 15.7 0.91?6 99.47 0.00907 0.9972 
16.1 15.5 0.9116 96.90 0.00905 0.9972 
15.8 15.2 0.9099 92.81 0.00905 0.9972 
15.4 14.8 0.9075 87.36 0.00905 0.9972 
14.9 14.3 0.9044 80.93 0.00904 0.9972 
iij.4 13.8 0.9011 74.80 0.00903 0.9971 
14.0 13.4 0.8982 69.92 0.00899 0.9971 
13.7 13.1 0.8960 66.50 0.00891 0.9970 
13.4 12.8 0.8937 63.25 0.00887 0.9970 
13.2 12.6 0.8920 60.84 0.00885 0.9969 
13.1 12.5 0.8912 59.79 0.00883 0.9969 
13.1 12.5 0.8912 59.79 0.00883 0.9969 
13.2 12.6 0.8920 60.84 0.00887 0.9969 
13.2 12.6 0.8920 60.84 0.00888 0.9970 
13.2 12.6 0.8920 60.84 0.00892 0.9970 
13.2 12.6 0.8920 60.84 0.00892 0.9970 
13.3 12.7 0.8926 61.88 0.00893 0.9970 
13.3 12.7 0.8926 61.88 0.00893 0.9970 
13.4 12.8 0.8938 63.31 0.00894 0.9970 
13.5 12.9 0.8945 64.31 0.00894 0.9970 
13.7 13.1 O.896O 66.50 0.00894 0.9970 
M = 71.05 gras. 
S= 2.742 gms./ml. 
A = 17.72 sq. cm. 
LQ = 1.424 
mica 
GA 
gm. 
sec. (cm.H^O) 
0.97 3.0 
1.90 5.25 
2.88 10.15 
3.90 15.5 
5.34 24.0 
6.84 36.7 
8.15 49.05 
8.88 56.45 
9.82 68.0 
10.40 77.2 
9.64 71.4 
8.50 62.8 
7.30 52.95 
6.25 44.45 
5.47 37.55 
4.47 29.45 
3.43 20.6 
2.70 15.3 
2.05 10.55 
1.44 6.25 
1.00 3.6 
GA 
^LpGA (1 
2148 1222 
1898 2375 
2365 3530 
2580 46^  
2800 6185 
3200 7660 
3470 8900 
3605 9540 
3840 10420 
4020 10880 
3990 10050 
3980 8850 
3890 7620 
3845 6520 
3690 5680 
3540 4660 
3260 3585 
3075 ?88o 
2830 2160 
2405 1527 
2032 1077 
Table 2$, Permeability data of (32» 35) raesh mica 
P 
Lp G ^ ^ SM, 
(cm.) (cm.) (poises) ml. 
16.5 16.1 0.91i|2 103.7 0.00895 0.9970 
16.0 15.4 0.9116 96.90 0.00895 0.9970 
15.5 14.9 0.9087 90.02 0.00895 0.9970 
15.1 15.5 0.9063 84.78 0.00895 0.9970 
14.5 13.9 0.9024 77.15 0.00895 0.9970 
14.0 13.4 0,8980 70.99 0.00896 0.9970 
13.6 13.0 0.8960 66.56 0.00895 0.9970 
13.3 12.7 0.8936 63.03 0.00891 0.9970 
12.9 12.3 0.8903 58.64 0.00888 0.9969 
12.7 12.1 0.8886 56.54 0.00884 0.9969 
12.7 12.1 0.8886 56.54 0,00880 0.9969 
12.7 12.1 0.8886 56.54 O.OO879 0.9969 
12.7 12.1 0.8886 56.54 0.00879 0.9969 
12.8 12.2 0.8895 57.64 0.00879 0.9969 
12.9 12.3 0.8900 58.26 0.00879 0.9969 
12.9 12.3 0.8900 58.26 0.00879 0.9969 
13.0 12.4 0.8910 59.53 0.00879 0.9969 
13.1 12.5 0.8920 60.83 0.00879 0.9969 
13.2 12.6 0.6928 61.920.00879 0.9969 
M = 70,19 gms. 
d= 2.726 gms./ml. 
A = 17.72 sq. cm. 
Lq  = 1.415 cm. 
Gk 2 
gm. <p Gk 
sec. (cm.HpO) (1 
1.23 2.4 1370 1602 
2.29 6.35 1937 2895 
3. 28 10.6 2166 4020 
L40 16.1 2380 5350 
6.15 26.3 2640 7050 
7.50 37.95 2980 8260 
8.53 47.15 3145 9170 
9.83 57.65 3255 10380 
11.40 73.75 3455 11720 
12. 25 83.6 3585 12430 
10.40 71.4 3625 10610 
8.45 57.35 3585 8630 
7.00 46. 2 3485 7160 
5.55 35.0 3372 5710 
4.42 26.25 3180 4575 
3.05 16.4 2880 3155 
1.95 9.3 2594 2035 
1.60 6.9 2372 1687 
1.23 4.6 20fi0 1306 
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Table 27. Permeability data for (li}., 16) mesh galena 
(cm.) 
s 
(cm.) 
€ 
(poises) 
gm. 
GA 
gm. 
(cm.H^) 
<p GA 
ml. sec. ^L^GA /<ll - e) 
12.8 12.2 0.502 0.510 0.00968 0.9979 47.3 27.3 2.482 9820 
12.8 12.2 0.502 0.510 0.00963 0.9972 41.0 22.7 2.390 8560 
12.8 12.2 0.502 0.510 0.00963 0.9972 33.6 18.0 2. 312 7010 
12.8 12.2 0.5t)2 0.510 0.00963 0.9972 25.0 12.35 2.132 5210 
12.8 12.2 0.502 0.510 0.00963 0.9972 15.4 7.15 2.004 3220 
12.7 12.1 0.498 0,499 0.00968 0.9979 31.6 16.6 2. 229 6510 
12.7 12.1 0.i|98 0.499 0.00968 0.9979 17.4 7.8 1.902 3580 
M = 869.8 gras. 
X= 7.498 gm./ml. 
A = 17.72 sq. cm. 
LQ = 6.374 cm. 
Table 26. Permeability data for (l6, 20) 
s e 1 gni. 
(cm,) (cm,) T (poises) ml. 
9.75 9.11 0.523 0. 628 0.00955 0.9977 
9.75 9.11 0.523 0. 628 0.00953 0.9977 
9.75 9.11 0.523 0. 628 0.00950 0.9977 
9.75 9.11 0.523 0. 628 0.0095(3 0.9977 
9.75 9.11 0.523 0. 628 0.00950 0.9977 
9.75 9.11 0.523 0. 628 0.00950 0.9977 
9.75 9.11 0.523 0. 628 0.00950 0.9977 
9.75 9.11 0.523 0. 628 0.00955 0.9977 
9.75 9.11 0.523 0. 628 0.00955 0.9977 
9.75 9.11 0.523 0. 628 0.00955 0.9977 
9.75 9.11 0.523 0. 628 0.00955 0.9977 
M = 631.3 gms, 
6 = 7.452 gras./inl. 
A = 17.72 sq. era. 
Lq = ij..655 cm. 
galena 
Gk 
gm. Ah 
sec. (cm.H^) 
45.6 23.4 
39.1 19.3 
35.2 16.5 
26.8 12.2 
21.8 9.6 
15.2 6.3 
5.0 i|.l 
43.75 20.9 
30.8 13.8 
22.0 9.2 
ll|.0 5.6 
Gk 
L^^ Gk 1 
H
 
3.690 10,000 
3.560 8790 
3.388 7700 
3.288 5910 
3.181 4810 
2.994 3355 
5.923 1103 
3.432 9600 
3.219 6760 
3.040 4830 
2.907 3072 
Table 29. Permeability data for (20, 2lj.) mesh galena 
6^ e 
(cm.) (cm.) 
9.75 9.11 0.514 
9.75 9.11 0.514 
9.75 9.11 0.514 
9.75 9.11 0.514 
9.75 9.11 0.514 
9.75 9.11 0.514 
9.75 9.11 0.514 
0.518 9.85 9.21 
9.85 9.21 0.518 
9.85 9.21 0.518 
(poises) ml. 
0.574 0.00941 0.9977 
0.574 0.00941 0.9977 
0.574 0.00941 0.9977 
0.574 0.00937 0.9977 
0.574 0.00937 0.9977 
0.574 0.00937 0.9977 
0.574 0.00937 0.9977 
0.598 0.00941 0.9977 
0.598 0.00941 0.9977 
0.598 0.00941 0.9977 
GK 
gra. • 
sec. (cra.H^ O) 
65.2 53.8 5.51 
57.1 45.4 5.315 
50.3 37.7 5.01 
38.5 28.4 4.94 
28. 2 19.9 4.775 
20.9 14.3 4.585 
6.4 4.8 5.02 
18.1 10. 2 3.838 
16.6 8.8 3.710 
3.9 2.35 4.15() 
A = 17.72 sq. era. 
7.483 gms./ral. 
Lq = 4.742 era. 
M = 645.8 gm. 
GA 
xv(l -e ) 
i4> 280 
i2,5bo 
11,000 
8460 
6200 
4590 
1408 
3995 
3660 
890 
Table 30. Permeability data for (Slj.# 28) mesh galena 
6^ H 
(cm.) (cm.) 
4 
10.05 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
9.95 
9.95 
9.1|1 
9.36 
9.36 
9.36 
9.36 
9.36 
9.36 
9.36 
9.36 
9.36 
9.36 
9.31 
9.31 
0.512 
0.509 
O.509 
0.509 
O.509 
O.509 
0.509 
0.509 
0.5b9 
0.509 
0.509 
0.507 
0.507 
0.56k 
0.546 
0,51|6 
0.546 
0.546 
0.546 
0.546 
0.546 
0.546 
0.546 
0.546 
0.535 
0.535 
(poises) 
/o 
gm. 
Gk 
gm. /Sh. 
(cm.H^) 
A hf^4> Gk 
ml. sec. ^LpGA. ^(1 - e) 
0.00938 0.9975 63.0 63.6 6.1jij. 13,780 
0.00938 0.9975 56.4 54.7 6.00 12, 250 
0.00938 0.9975 50.6 47.6 5.82 11,000 
0.00938 0.9975 43.6 40.1 5.69 9480 
0.00938 0.9975 37.7 33.7 5.53 8190 
0.00938 0.9975 31.6 27.9 5.46 6870 
0.00938 0.9975 24.8 22.3 5.56 5390 
0.00933 0.9975 18.8 17.0 5.62 4110 
0.00933 0.9975 13.0 12.0 5.74 2840 
0.00933 0.9975 9.8 8.8 5.56 2140 
0.00933 0.9975 5.8 6. 2 6.65 1268 
0.00933 0.9975 18.5 15.8 5.12 4025 
0.00933 0.9975 26.25 23.3 5.44 5710 
= 7.44^  gms./ml. 
A r= 18. ^  sq. cm. 
L Q = 4* 908 cm. 
M = 665.1 gm. 
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Table 32. Permeability data for {32» 35) mesh galena 
Le 
(cm.) (cm.) 
G <!> 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0, 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 • 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
9.69 9.06 0.520 0. 605 
M = 628.0 gnis. 
6= 7»k^  gms./ral. 
A = 17,72 sq. cm. 
Lq S= if. 650 cm. 
/o GA, 
 ^ gm. gm. 
(poises) ml. sec. 
0.0082|3 0.996if 3.35 
0.0081;3 0.9964 5i35 
0.00843 0.9964 7.86 
0.00843 0.9964 10.14 
0.00843 0.9964 14.00 
0.00843 0.9964 15.55 
0.00843 0.9964 17i80 
0.008425 0.9963 20.40 
0.00842 0.9963 21.8 
0.00840 0.9963 26.6 
0.00839 0.9963 32.4 
0.00837 0.9962 35.0 
0.00837 0.9962 36.75 
0.00837 0.9962 40.5 
0.00837 0.9962 44.7 
0.00836 0.9962 47.8 
0.00835 0.9962 53.3 
Ah GK 
(cm.HpO) - € : )  
3.15 7.40 826 
5.45 8.02 1322 
8.50 8.52 1942 
10.95 8.50 2520 
14.5b 8.15 34^  
17.00 8.60 3840 
19.55 8.64 4400 
22.90 8.83 5^0 
26.65 9.63 5390 
34.10 10.12 6575 
43.0 10.5b 8010 
47.20 10.70 8650 
50.40 10.90 9090 
56. §0 11.12 10,080 
64.0 11.37 11,140 
69.5 11.52 11,900 
80.1 11.95 13,300 
Table 33. Permeability data for (35* ^ 2} mesh galena 
(cm.) 
21.53 
21.48 
21.48 
21.48 
21.48 
21.48 
21.48 
21.48 
21.48 
(cm.) 
20.89 
20.84 
20.84 
20.84 
20.84 
20.84 
20.84 
20.84 
20.84 
0.508 
0.5075 
0.5075 
0.5075 
0.5075 
o.5b75 
0.5075 
0.5075 
O.5C)75 
0.524 
0.523 
0.523 
0.523 
0.523 
0.523 
0.523 
0.523 
0.523 
M = 
6 = 
A = 
L« = 
417.60 gms. 
7.340 gms./ml. 
5.325 sq. cm. 
10,68 cm. 
/<. 
(poises) 
0.00908 
0.00906 
0.00905 
0.00905 
0.00905 
0.00904 
0.00903 
0.00903 
0.00900 
/o 
gm. 
GA. 
gm. 
ml. 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
0.9972 
sec. 
1.145 
1.52 
2.15 
2.82 
3.50 
4.14 
5.12 
6.18 
8.25 
(cm.H^O) 
6.60 
7.95 
11.5t) 
17.00 
22.95 
28.90 
38.15 
51.90 
74.70 
GA 
^L^GA 
15.82 
13.99 
14.72 
16. 60 
18.07 
19.25 
20.60 
23.20 
25.10 
/^ (i - €:) 
256 
483 
633 
787 
932 
1050 
1390 
1862 
Table 3il.. Permeability data for (ij.2, 48) mesh galena 
I'd 
(cm.) 
I'P 
(cm.) 
E /<-
(poises) 
gm. 
GK 
gm. Ah 
(cm.HpO) 
GA 
ml. sec. ^LpGA - € )  
18.63 17.99 0 .517 0.553 0.00902 0 .9972 1. 20 10.55 29.70 276 
18.63 17.99 0 .517 0.553 0.00902 0 .9972 2.30 23.65 34.85 528 
18.63 17.99 0 .517 0.553 0.00902 0 .9972 3.58 40.80 38.60 822 
18.63 17.99 0 .517 0.553 0.00903 0 .9972 4.20 49.45 39.80 965 
18.63 17.99 0 .517 0.553 0.00903 0 .9972 4.88 58.50 40.6 10 20 
18.63 17.99 0 .517 0.553 0.00903 0 .9972 5.65 69.10 41.3 1298 
18.63 17.99 0 .517 0.553 0.00903 0 .9972 6.05 79.70 44.55 1390 
M = 361.55 gras. 
6 = 7.414 gms./ml. 
A = 5.325 sq. cm. 
Lq = 9.00 cm. 
Table 35. Permeability data for {1|8, 60) laesh. galena 
6^ e 
(era.) (era.) 1 
17.93 17.29 0 .500 0.500 
17.93 17.29 0 .500 0.500 
17.93 17.29 0 .500 0.500 
17.93 17.29 0 .500 o.5t)0 
17.93 17.29 0 .500 0.500 
17.93 17.29 0 .500 0.500 
M = 351.55 gras. 
i> = 7.362 gras./ral. 
A = 5.325 sq, era. 
Lq = 8.97 cm. 
gra. 
(poises) ral. 
0,00898 0.9971 
0.00898 0.9971 
0.00899 0.9971 
0.00900 0.9971 
0.00901 0.9971 
0.00901 0.9971 
Gk 
gra. Ah 
sec. (cra.HjP) 
1.79 22.55 
2. 22 29.00 
2.70 38.15 
3.56 52.80 
I1.3O 65.90 
5.10 80.05 
Gk 
y=«-(l -e ) 
40.3 399 
ill. 8 
45.1 
495 
601 
47.3 791 
U8.9 955 
5t).l 1133 
Table 36. Permeability data for (60, 65) mesh galena 
Lp 
(cm,) (cm.) 
6 
(poises) 
gra. 
GK 
gra. ^ih 
(cra.H^) 
GA 
ml. sec. ML -^) 
18.88 18. o,5i5 0.546 0.00913 0 .9973 0.565 7.05 40.6 128 
18,88 18.24 0.515 0.546 0.00913 0 ,9973 1.21 16.00 43.1 273 
18.88 18.24 0.515 0.546 0.00913 0 .9973 1.66 24.25 47-6 375 
18.86 18.24 0.515 0.546 0.00913 0 .9973 2.90 46.60 54.6 656 
18.68 16.24 0,515 0.546 0.00913 0 .9973 3.70 65.85 58.0 835 
18.86 18.^  0,515 0.546 0,00913 0 .9973 4.24 77.95 60.5 959 
M = 361.25 . 
6 — 7-410 gras./ml. 
A =s 5.325 sq. cm. 
Lq = 9.16 cm. 
Table 37• Permeability data for (65, 80) raesh galena 
gm. gm. h Ahc'^ GA 
(cm.) (cm.) ' (poises) ml, sec. (cra.HpO) ^(1 - <£ ) 
GA 0 
€ (H T . y^ LpGA 
0.523 0.572 0.00910 0.9973 1.20 15.30 58.80 
0.522 0.569 0.00911 0.9973 1.60 22.25 64.00 
0.522 0.569 0.00912 0.9973 2.26 35.90 73.00 
0.522 0.569 0.009125 0.9973 2.97 48.55 75.10 
0.522 0.569 0.00914 0.9973 3.58 62.05 79.5 
0.522 0.569 0.00915 0.9973 4.^  ^ 83.00 83.5 
14.16 13.5i+ 278 
lli.13 13.49 368 
14.13 13.49 518 
14.13 13.49 p. 682 
14.13 13.49 820 
14.13 13.49 1040 
M = 264.15 gms. 
S =7.336 gms./ml. 
A s= 5.325 sq. cm. 
Lq  = 6.77 cm. 
Table 36. Permeability data for (9# 10) mesh raagnesite 
( e r a . )  (era. ) 
e 4> 
10.9 10. 3 0.558 0.889 
10.9 10. 3 0.558 0.689 
10.9 10. 3 0.558 0.889 
10.9 10. 3 0.558 0.889 
10.9 10. 3 0.558 0.889 
10.9 10. 3 0.558 0.889 
10.9 10. 3 0.558 0.889 
10.9 10. 3 0.558 0.689 
10.9 10. 3 0.558 0.889 
10.9 10. 3 0.558 0.889 
11.4 10. 8 0.577 1.074 
11.4 10. 8 0.577 1.074 
11.4 10. 8 0.577 1.074 
11.4 10. 8 0.577 1.074 
M = : 261.6 gras • 
: 2.983 gnis ./ml. 
A = : 17 .72 sq. cm. 
Lq  = l|,8i9 era. 
/o GA. 
gra. gm. 
(poises) ml. see. 
0.00927 0.9974 l8l 
0.00927 0.997ii 170 
0.00927 0.9974 133 
0.00927 0.9974 112.5 
0.00927 0.9974 125.8 
0.00928 0.9974 96.7 
0.00928 0.9974 76.0 
0.00928 0.9974 63.0 
0.00928 0.9974 50.0 
0.00928 0.9974 37.1 
0.00916 0.9973 21.5 
0.00916 0.9973 26.6 
0.00916 0.9973 39.3 
0.00913 0.9973 47.3 
Ah GA 
(cra.H^O) y^(l-e) 
72.2 3.70 44.150 
64.5 3.51 41.500 
48.1 3.32 32,450 
39.7 3.24 27,45b 
33.5 2.445 30,700 
23.2 2.22 23,350 
15.9 1.935 18,520 
11.9 1.748 15,380 
8.4 1.554 12,200 
5.4 1.348 9050 
2.6 1.097 5550 
3.9 1.330 6870 
6.6 1.522 10,150 
8.5 1.630 12,250 
Table 39. Pemeability data for (10, 12) mesh, raagnesite 
GA 
Lp 4> gm. gra. 
(era. ) (era.) (poises) ral. sec. (cra.HpP) ^L^GA 
16. 2 15.6 0.567 0.972 0.00882 0.9970 112.3 68.1 4.?5 
16. 2 15.6 0.567 0.972 0.00882 0.9970 10l|..i; 60.5 4.07 
16. 2 15.6 0.567 0.972 0.00882 0.9970 94.2 51.7 3.86 
16. 2 15.6 0.567 0.972 0.00882 0.9970 85.0 44.5 3.68 
16. 2 15.6 0.567 0.972 0.00882 0.9970 75.9 37.3 3.45 
16. 2 15.6 0.567 0.972 0.00882 0.9970 69.8 32.8 3.30 
16. 2 15.6 0.567 0.972 0.00882 0.9970 58.3 25.0 3.01 
16. 2 15.6 0.567 0.972 0.00860 0.9970 52.0 20.9 2.82 
16. 2 15.6 0.567 0.972 0.00 880 0.9970 41.3 15.1 2.58 
16. 2 15.6 0.567 0.972 0.00880 0.9970 33.8 11.5 2.39 
16. 2 15.6 0.567 0.972 0.00880 0.9970 26.0 8.0 2.16 
16. 2 15.6 0.567 0.972 0.00880 0.9970 18.8 5.1 1.91 
16. 2 15.6 0.567 0.972 0.00878 0.9969 18.1 4.65 1.81 
16. 2 15.6 0.567 0.972 0.00878 0.9969 10.75 2.5 1.64 
M = 380.0 gras • 
d = 2.975 gras. /ral. 
A = 17 .72 sq. era. 
GA 
/^ (l -€ ) 
28,750 
26,75b 
24,700 
22, 25t) 
19,900 
18, 300 
15, 280 
13,630 
10,840 
8880 
6830 
$'& 
2830 
Ln = 7.019 cm. 
Table ij.0. Permeability data for (12, lij.) mesh, magnesite 
1-6 
(cm.) 
s 
(cm.) 
€ 
12.8 12.2 0.590 1. 222 
12.8 12.2 0.590 1.222 
12.8 12. 2 0.590 1.222 
12.8 12.2 0.590 1.222 
12.8 12.2 0.590 1.222 
12.8 12.2 0.590 1. 222 
12.8 12.2 0.590 1.222 
12.8 12. 2 0.590 1.222 
12.8 12. 2 0.590 1.222 
12.7 12.1 0.586 1.172 
12.7 12.1 0.586 1.172 
12.7 12.1 0.586 1.172 
M = 285.5 gras. 
S  -  2.987 gma/ml. 
A =s 18.20 sq. cm. 
Lq = 5. 252 cm. 
GA 
gm. gra. 
(poises) ml. sec. 
0.00862 0 .9970 126.1 
0.00882 0 .9970 116.5 
0.00882 0 .9970 103.3 
0.00880 0 .9970 90.3 
0,00880 0 .9970 76.3 
0.00880 0 .9970 63.6 
0.00880 0 .9970 45.0 
0.00880 0 .9970 31.0 
0.00879 0 .9969 19.3 
0.00879 0 .9969 19.5 
0.00878 0 .9969 24.7 
0.00878 0 .9969 31.6 
Ah Gk 
(cm.H^O) ^LpGA /<c(l-e) 
61.6 5.51 3i|.,900 
54.0 5.2k 32,200 
i|Ji.8 4.89 28,550 
36.5 it.57 25,050 
28.4 li.22 21,150 
21.5 3.81 17,620 
13.0 3.28 12,470 
7.8 2.85 BbOO 
4.2 2.46 5360 
4.35 2.iA 5300 
5.95 2.64 6800 
8.3 2.88 8700 
Table ij.1. Permeability data for (ll|, l6) mesh raagnesite 
M s: 286.75 gnis. 
= 3.008 gms./ml. 
A = 17.72 sq. cm. 
= 5. 238 cm. 
GA 
s G ci> 
gra. gm. 
(cm.) (cm,) (poises) ml. sec. 
12.7 12.1 0.588 1. 197 0.00870 0.9968 107.5 
12.7 12.1 0.588 1. 197 0.00870 0.9968 94.8 
12.7 12.1 0.588 1. 197 0.00868 0.9967 80.0 
12.7 12.1 0.588 1. 197 0:00868 0.9967 75.0 
12.7 12.1 0.588 1. 197 0.00868 0.9967 65.2 
12.7 12.1 0.588 1. 197 0.00868 0.9967 53.8 
12.7 12.1 0.588 1. 197 0.00868 0.9967 41.3 
12.7 12.1 0.588 1. 197 0.00868 0.9967 28.25 
12.7 12.1 0.588 1. 197 0.00868 0.9967 12. 2 
12.9 12.3 0.594 1. 270 0.00868 0.9967 20.40 
12.9 12.3 0.594 1. 270 0.00868 0.9967 26.9 
/4h GA 
(cm. H^) y^ L^ GA (^1 -6 ) 
80.1 8.k2 30,000 
65.7 7.83 26,450 
57.0 7.5b 24,050 
46.7 7.05 20,95b 
37.6 6.53 18,220 
28.4 5.98 15,060 
19.9 5.46 11,550 
11.9 4.77 7900 
4.3 3.99 3410 
6.3 3.65 5790 
9.4 4.13 7640 
Table l\.2. Permeability data for (l6, 20) mesh raagnesite 
6 gm. 
(cm.) (cm :.) (poises) ml. 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00626 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.8 13. 2 0.598 1. 322 0.00826 0.9962 
13.7 13. 1 0.595 1. 283 0.00826 0.9962 
M = 300.0 gras. 
S = 2.968 gras./ral. 
A = 17.72 aq. cm. 
LQ = 5.553 cm. 
GA 
gm. GA 
sec. (cm.H^) x^ LpGA ^(1 -€ ) 
110.3 74.1 8.08 33,200 
99.0 63.0 7.67 29,800 
88.5 53.6 7.30 26,65b 
76.3 43.2 6.83 22,95b 
67.2 35.7 6.ij.0 20, 250 
56.4 27.9 5.96 17,020 
1+5.5 20.7 5.48 13,700 
32.1 12.9 4.64 9680 
21.5 7.7 4.32 6475 
16.45 5.8 3.79 5560 
11. S5 3.4 3.58 3470 
10.6 3.7 4.11 3170 
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Table Permeability data for {2k* 8^) mesh raagnesite 
M = 207.3 gras. 
6- 2.973 gms./inl. 
A = 18,20 sq. cm. 
Lo = 3.831 era. 
r  GA 
s G  gm. gm. 
(cm.) (cm.) (poises) ml. sec. 
9.49 9»43 0,597 1, 310 0.00897 0.99705 89,2 
9.49 9.43 0,597 1. 310 0.00696 0.99705 80.3 
9,49 9.43 0.597 1. 310 0,00895 0.99705 73.6 
9.49 9.43 0,597 1. 310 0.00895 0.99705 65.9 
9.49 9.43 0.597 1. 310 0.00895 0.99705 58.1 
9.49 9.43 0.597 1, 310 0.00895 0.99705 51.1 
9.49 9.43 0.597 1. 310 0.00895 0.99705 43.4 
9.49 9.43 0,597 1. 310 0.00895 0.99705 35.9 
9.49 9.43 0,597 1. 310 0,00895 0.99705 29.0 
9.49 9.43 0.597 1. 310 0.00895 0.99705 19.9 
9.49 9.43 0.597 1. 310 0.00895 0.99705 14.75 
9.49 9.43 0,597 1. 310 0.00895 0.99705 10.45 
9.49 9.43 0,597 1. 310 0.00896 0.99705 7.1 
(cm.H^) 
77.8 
67.1 
59.6 
51.0 
U3.3 
36.0 
29.3 
23.7 
17.6 
10.9 
7.7 
u.? 
3'K 
GA 
/^LpGA ^(1 « € )  
13,K2 
12,89 
12,5b 
11,91^  
11.50 
10.88 
10.40 
10.18 
9.36 
8.45 
7.95 
7.26 
7.39 
24,650 
22,000 
20,400 
18, 280 
16,120 
14,180 
12,060 
9970 
8050 
5525 
4090 
2900 
1970 
Table lj.5. Pemeability data for (28, 32) mesh raagnesite 
(cm.) 
2H'K3 
2K'K3 
2K-K3 
25.43 
2H.K3 
2^ .^38 
21;. 33 
21^ .33 
2I1.33 
.^28 
25.35 
25.35 
25.28 
25.28 
25.28 
25.23 
(cm.) 
23.79 
23.79 
23.79 
23.79 
23.79 
23.74 
23.69 
23.69 
23.69 
23.64 
24.71 
24.71 
24.64 
24.64 
24.64 
24.59 
R 
gni. 
ml. 
0.567 
0.567 
0.567 
0.567 
0.567 
0.566 
0.565 
0.565 
0.565 
0.564 
0.974 
0.974 
0.974 
0.974 
0.974 
0.961 
0.953 
0.953 
0.953 
0.945 
0.5825 1.135 
0.5825 1.135 
0.5815 1.126 
0.5815 1.126 
0.5815 1.126 
0.581 1,116 
M = 168,35 graa, 
6 = 2.958 gras./ral. 
A = 5.375 sq. cm. 
Lq = 10.58 cm. 
(poises) 
0.00866 
0.00867 
0.00868 
0.00869 
0.00870 
0.00870 
0.00870 
0.00870 
0.00869 
0.00 868 
0.009025 0.9971 
0.00901 0.9971 
0.00899 0,9971 
0.008925 0,9971 
0.00897 0.9971 
0,00896 0,9971 
GA 
gm. 
0,9967 
0.9967 
0.9967 
0.9967 
0.9967 
0.9967 
0.9967 
0.9967 
0.9967 
0.9967 
sec. 
2.10 
2.78 
3.72 
7.18 
8.04 
8.96 
10.00 
10.92 
I.975 
3.00 
6.58 
7.89 
9.51 
II.82 
zXh 
(cm. ) 
7.60 
12.40 
18.90 
24.80 
32.90 
44.50 
51.50 
58.10 
64.45 
75.00 
8.95 
14.10 
38,45 
48,50 
59.60 
77.55 
2 h/° <t> 
^LpGA 
17.00 
20.90 
23.80 
25.90 
26,30 
28.65 
29.40 
29.70 
29.40 
31.50 
22.90 
23.80 
29.5b 
31.10 
31.80 
33.0 
GA 
^(1 -6) 
560 
741 
964 
1192 
1555 
1900 
2125 
2375 
2648 
2888 
526 
798 
1750 
2100 
2535 
3140 
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Table 1|.8. Permeability data for (i}.2, J|8) mesh inagnesite 
(cm.) (cm.) 4> (poises) 
R 
gra. 
GA 
gra. ' 
(cra.Hjp) 
GK 
ml. sec. ALpGA /c(l -6) 
16.03 15.39 0.585 1.192 0.00891 0 .9971 1.28 6.65 56.6 347 
15.98 15.34 0.584 1.152 0.00895 0 .9971 2.00 12.40 51.7 540 
15.9^ 15.31 0.5835 1.149 0.00896 0 .9971 3.66 25.70 58.4 981 
15.93 15.29 0.583 1.138 0.00899 0 .9972 5.34 39.45 60.8 1425 
15.88 15.24 0.582 1.130 0.00899 0 .9972 6.32 50.70 65.7 1688 
15.88 15.24 0.582 1.130 0.00900 0 .9972 7.72 62.85 66.6 2055 
15.88 15.24 0.582 1.130 0.00900 0 .9972 9.77 80.90 67.8 2600 
M 5= 104-50 gras.. 
0= 2.981 gras./ml. 
A = 5.325 sq. cm. 
Lq = 6.65 cm. 
Table 1|9. Permeability data for (1|8, 60) mesh magnesite 
(cm.) (cm.) 
15.I|8 llf.84 
l5.1;e ll|.8ii 
15.U8 14. 
15.48 
15.45 14.81 
15.43 14.79 
15.43 14.79 
15.41 14.77 
15.41 14.77 
15.41 14.77 
€ 4^ 
(poises) 
gra. 
GA 
gm. 4h 
(cm.Hj^) 
A h/^4> GA 
ml. sec. - € ) 
0.590 1.222 0.00899 0.9972 1.42 10.40 66,6 385 
0.590 1.222 0.00899 0.9972 2.05 17.35 77.0 556 
0.590 1.222 0.00899 0,9972 2.50 21.50 78.1 679 
0.590 1.222 0.00900 0.9972 3.03 29.05 87.0 822 
0.589 1.212 0.00900 0.9972 3.74 36.65 88.5 1012 
0.5885 1.200 0.00901 0.9972 4.62 46.35 89.8 1248 
0.5885 1.200 0.00901 0.9972 5.27 53.85 91.4 1420 
0.588 1.196 0.00901 0.9972 6.01 62.15 92.6 1620 
0.588 1.196 0.00901 0.9972 6.78 74.90 98.8 1828 
0.588 1.196 0.00901 0.9972 7.62 85.30 100.0 2055 
M = 10 ?. 65 gms. 
S = 3.035 gms./ml. 
A = 5.325 sq. cm. 
LQ = 6.35 cm. 
Table 50. Permeability data for (60, 65) mesh magnesite 
Gk 
s 6 
gm. gm. 
(cm.) (cm.) (poises) ml. sec. (cm.H^ ) 
15.63 14.99 0.580 1.108 0.00903 0 .9972 1.57 17.80 
15.61 14.97 0.579 1.098 0.00903 0 .9972 2.05 26.05 
15.58 14.94 0.578 1.084 0.00903 0 .9972 2.83 38.00 
15.55 14.91 0.576 1.063 0,00903 0 .9972 3.51 48.95 
15.33 14.89 0.573 1.030 0.00904 0 .9972 4.79 68.70 
15.33 14.89 0.573 1.030 0.00905 0 .9972 5.79 85.00 
M = 
S = 
A = 
L_ = 
103.90 gms, 
2.970 gms./ml, 
5.325 sq. cm. 
6.57 cm. 
Ahf <l> Gk 
92.lt 
103.0 
106.2 
111.8 
109.0 
111.6 
^(1 -€) 
14.16 
540 
743 
917 
1242 
1500 
Table 5l. Permeability data for (65> 80) mesh magnesite 
GA. 
(cm.) (cm.) (poises) ml, sec, (cra.H20) ^ /^(l -€) 
15.93 15.29 0.559 0.900 O.OO876 0.9970 1.50 2K.KO IO8.8 389 
15.93 15.29 0.559 0.900 0.00878 0.9970 1.92 35.5tl 123.2 596 
15.91 15.27 0.558 0.891 0.00880 0.9970 2.50 il9.l5 129.7 643 
15.88 15.2l| 0.557 0.883 0.00880 0.9970 3.20 66.00 136.2 822 
15.88 15.2i| 0.557 0.883 0.00881 0.9970 3.72 77.35 135.U 955 
15.88 15.25 0.557 0.883 0.00681 0.9970 4.31 91.15 138.2 1105 
15.88 15.24 0.557 0.883 0.00880 0.9970 2.18 43.55 130.0 560 
15.88 15.24 0.557 0.883 0.00879 0.9970 1.02 17.10 109.2 262 
M = 111.85 gras. 
o = 2.986 gnis./ral. 
A = 5.325 sq. cm. 
LQ = 7.04 cm. 
Table 52. Pluidization data and results for (20, 2l|.) mesh galena in water 
xlO-
(cm.) 1 - (poises) 
u 
 ^ CM. 
sec. 1 + Pp Re K (le+ Pke) 
15.90 17.8 362. 3.18 
14.4.8 16.7 278. 3.55 
12.78 15.6 213. 4.06 
11.53 15.0 168. 3.75 
8.93 12.1 113. 4.71 
7.20 11.6 74.6 4.0k 
5.80 10. 5  53.3 3.96 
4.79 9.50 40.7 3.80 
3.64 8.16 28.8 4.4^ 
3.10 7.39 23.5 4.62 
32.1 0.1^ 18 9.i|6 
27.1 0.1798 9.46 
23.it 0.2080 9.hU 
20.4 0.2385 9.liU 
17.6 0.2766 9'lili 
Ik.l 0.331^ 5 9.i|4 U O H 
12.9 0.3775 9.U3 o 
11.9 0.^09 9.43 
11.1 0.i|39 9.41 
10.6 o.li59 9.41 
M = 645.8 gm. S = 122 sq.cia,/cu. era, 
7.i|-83 gm./ml. D = 0.1121 cm. 
A ss 17.72 sq. cm. 
LQ = k.7k2 era. (1 + Fp)g = 1.349 
/^= 0.998 gra./nil. 
.. 0 02 i,' 
5 
Table 53- Pluidization data and results for (2li., 28) mesh galena in water 
3^ u 
xlO cm. 
(cm.) 1 -6 (poises) sec. 1 + F.p Re Kg{l ^ke ^ 
10.55 0.478 9.33 2.225 5.lt5 15.32 1|.91 
10.95 o.li6i 9.33 2.520 5.75 18.00 4.89 
11.2 0.452 9.33 2.78 6.01 20.25 4-71 
11.3 0.1^ 6 9.31 3.27 6.51 21;. 20 5.06 
12.2 0.414 9.31 3.99 7.17 31.80 4.10 
13.2 0.382 9.28 5.13 8.20 44.4 3.73 
15.1 0.334 9.28 7.04 10.02 69.8 3.23 
17.6 0.286 9.28 9.00 11.18 104.3 3.02 
21.4 0.236 9.27 10.38 11.73 145.9 3.46 
27.4 0.184 9.27 13.58 13.82 244.5 2.15 
33.1 0.152 9.27 14.70 14.30 320.4 2.04 
57.6 0.0875 9.27 10.40 16.05 696. 1.20 
M = 665.1 gra. S = 130. sq. cm./cu. cm. 
S = 7«4^ .5 gni./ral. Dg = 0.0898 cm. 
A = 17.72 sq. cm. (i + p )g = I.349 
LQ = ^ -908 cm. gm./ral. 
Table $l\.. Fluidlzation data and results for (28, 32) mesh galena in water 
(cm,) 
11.9U 
12.1li 
12.39 
12.74 
13.45 
13.84 
14.35 
14.74 
12.04 
13.84 
14.34 
15.44 
1 > ^  
0.459 
0.451 
0.442 
0.430 
0.407 
0.396 
0.382 
0.372 
0^ 455 
0.396 
0.382 
0.354 
3^ 10^  
(poises) 
8.55 
8.54 
8.525 
8.51 
8.525 
8.525 
8.51 
8.5b 
8.48 
8.48 
8.49 
8.48 
M = 
c< = 
A = 
L« = 
720.3 gra. 
7.422 gra,/ml. 
17.72 sq.cm. 
5.332 cm. 
u 
cm. 
sec. 1 4 Re 
2.055 2.08 13.83 
2.300 2.12 16.56 
2.580 2.17 18.08 
2.855 2.22 20.85 
3.185 2.26 24.25 
3.340 2.28 .^15 
3.605 2.32 29.35 
3.985 2.37 33.35 
2.220 2.10 15.22 
3.340 2.28 26.30 
3.772 2.28 30.72 
4.775 2.48 42.0 
Ked k^e) 
5.21 
4.97 
4.69 
4.67 
4.95 
5.11 
5.25 
5.11 
5.05 
5.16 
4.90 
4.81 
(1 + 
S = l5l. sq. cm./cu. cm. 
Dg = 0.0767 cm. 
Pp)s = 1.3it9 
/0= 0,996 gm./ral. 
Table 55- Pluidization data and results for (32, 35) mesh galena in water 
(cm.) 
10^  
1 - ^  (poises) 
17.1 0.279 
15.6 0.306 
l5rl 0.316 
lii..6 0.327 
lil.l 0,339 
13.9 0.3& 
13.6 0.352 
13.3 0.359 
13.1 0.365 
12.9 0.370 
12.5 0.382 
12.2 0.392 
11.7 0.it08 
11.1 0.it30 
M = 628.0 
A = 17.72 
8.33 
8.33 
8.33 
8.33 
8.33 
8.33 
8.33 
8.33 
8.33 
8.33 
8.33 
8.32 
8.32 
8.32 
u 
cm. 
sec. 
7.10 
6.525 
6.17 
5.72 
5.i;9 
5. lit 
it. 85 
3.82 
3.ij.6 
3.10 
2.68 
2.58 
1 + 
7.91 
7.68 
7.it5 
7.25 
7.08 
6.8it 
6.62  
6.3it 
6.13 
5.90 
5.6U 
5.35 
5.03 
5.03 
li.^  
Re 
75.7 3.08 
63.5 2.88 
58.1 2.98 
52.1 3.09 
i+6.2 3.02 
KH'5 3.25 
lii.o 3.3lt 
36.8 3.61 
3ij..l 3.80 
30.9 3.97 
27.0 ij..27 
23.5 it. 57 
19.5 it. 82 
17.9 it. 25 
ke' 
LQ = i(..65b cm. 
S = l6.1 sq.cra,/cu.cm. 
Dg = 0.06ij.5 cm. 
(1 + Pp)g = 1.3ij.9 
/O s= 0.996 gra./ml. 
z, 0 • /J j'J' 
J) 
Table 56. Fluidlzatlon and hindered settling data and results for (35« h2) mesh galena in irater 
Fluidization Hindered settling 
u u 
xlO^ cm. cm. 
(cm.) 1 - e (poises) sec* 1 + F^ Re sec. 1 + F^ Re + ^ ke) 
23.13 0.1;625 8.98 I.I482 3.55 8.38 1;.92 
2U.73 0.1t325 8.97 1.880 3.82 11.38 U.77 1.272 3.21* 7.70 7.1*5 
26.28 0.10.60 8.95 2.215 U.Ol 13.98 U.35 1.738 3.61* 10.97 5.99 
27.38 0.3905 8.9li 2.1*70 U.18 16.63 l*.8l 1.978 3.79 13.32 6.27 
28.1;8 0.3752 8.925 2.560 U.21 17.96 5.20 2.192 3.92 15.38 6.28 
30.23 0.3535 8.90 2.900 U.38 21.65 5.30 2.1t6U 1*.07 18.38 6.1*9 
32.13 0.3328 8.90 3.21*8 1*.59 25.76 5.3U 2.885 1*.31 22.86 6.28 
3U.33 0.3115 8.89 3.670 U.83 31.10 5.30 3.355 u.u* 26.75 6.62 
M = I1I7.6O gm. S = 170. sq.cm./cu.cm. 
af = 7.3II0 gm,/ml. Dg = 0.05U3 cm. 
A = 5.325 sq.cm. (l + ^ p)s ~ 
= 10.68 cm. /0= 0.997 gm./ml. 
vO 4=-
. n • Ql^OeJ" 
Table 57* Fluidlzation and hizidered settling data and results for (1^2, 1|8) mesh galezia in water 
Fluidization Hindered settling 
n u 
I* ^  xlCr aa. 
(cm.) 1-^ (poises) sec. 1 -f Fp Re 11^(1Fjjg) sec, 1 Fp Re £@(1 + FJ Q^) 
20.18 O.HSH 9.03 1.03U 2.62 5.66 7.12 - - -
22.U3 0.U08 9.03 1.U38 3.13 7.1U 6.88 1.108 2.81 6.73 9.U6 _ 
23.23 0.39li 9.0U 1.612 3.22 10.1 6.89 1.300 2.96 8.18 8.69 o 
2l;.33 0.376 9.oU 1.880 3.1i0 12.U 6.61 1.182 3.08 9-77 8.73 ^ 
25.^ 8 0.359 9.025 2.080 3.51 Ih.k 6.71 1.718 3.25 11.9 8.1a 
26.33 0.3U8 9.01 2.268 3.61 16.2 6.55 1.875 3.35 13.U 8.27 
27.38 0.33U 8.99 2.152 3.71 18.5 6.65 2.11iO 3.ii9 16.0 7.88 
28.33 0.32lt 8.98 2.635 3.79 20.3 6.55 2.285 3.57 17.6 7.87 
28.88 0.317 8.97 2.728 3.81t 21.5 6.56 2.360 3.62 18.6 7.97 
M = 361.55 gm. S = 178. sq.cm./cu.cm. 
z 7.1ilU gm./ml. Dg = 0.0li57 cm. 
A = 5.325 sq.cm. (1 + Fp)g = 1.3U9 
Ljj = 9.00 cm. /Os 0.997 
J 
% 
d- e' 7 J' 
Table 58. Fluidlzatlon and hindered settling data and results for (1;8, 60) mesh galena in irater 
Fluidlzatlon Hindered settling 
Lg xlCp 
u u 
cm. cm. 
(cm.) 1-6" (poises) 555". 1 4- F^  Re Kg(l ^ k^e) iEl  ^  ^F^ ^^ ) 
20.93 0.1t29 9.01 0.952 2.53 U.92 7.25 
20.63 0.1i35 9.01 0.9lili 2.56 li.81 6.96 
21.63 0.105 9.00 1.098 2.63 5.85 6.90 
22.73 0.395 8.99 1.22U 2.71 6.88 7.11t 
23.53 0.381 8.99 1.363 2.79 7.9U 7.01 
2lt.58 0.365 8.97 1.5U2 2.91 9.I4O 6.88 
25.58 0.351 8.95 1.705 3.00 10.8 7.13 - - - _ 
26.68 0.336 8.9H 1.912 3.12 12.7 6.65 1.6it2 2.93 10.9 8.0U  ^
27.88 0.321 8.91 2.060 3.16 lU.U 7.18 " """ " ' * 
29.08 0.308 8.90 2.26li 3.28 16.5 6.73 
30.33 0.296 8.89 2.ia;8 3.37 18.6 6.66 
M - 351.55 gm. S = 200. sq.cm./cu.cm. 
S = 7.362 gm./ml. Dg = 0.0382 cm. 
A = 5.325 sq./cm. (l + Fp)g « 1.3^9 
LQ = 8.97 cm. /o = 0.997 gm./ml. 
0.666 2.28 3.32 10.22 
0.786 2.37 U.21 10.00 
1.005 2.52 5.6U 8.93 
l.lli2 2.60 6.U8 8.63 
1.308 2.73 7.95 8.36 
1.810 3.01 12.7 8.U3
2.020 3.1U lU.7 8.17 
2.215 3.25 17.0 7.52 
t 0' p /V 7 
Table 59. Fluidization and hindered settling data and results for (60, 65) mesh galena in water 
Fluidization Hindered settling 
/< u u 
xlO^ cm. cm. 
(cm.) 1 - e  (poises) sec. 1 4.Fp Re KeCl * Fke) sec. 1 Fp He Ked^ ] 
20.28 o.li5i 9.12 O.U975 2.0U 2.32 11.2 
20.58 0.1^46 9.12 0.550 2.08 2.60 10.5 — ~ — — 
21.08 0.U31; 9.11 0.62lt 2.13 3.03 10.1 — — — — 
21.53 O.I426 9.11 0.691 2.19 3.U2 9»60 — - — — 
22.53 0.U07 9.11 0.792 2.25 U.io 9.5U — — — — 
23.18 0.395 9.10 0.8725 2.29 li.66 9.U5 0.675 2.11; 3.60 12.5 
23.83 0,381t 9.05 0.960 2.35 5.30 9.26 0.732 2.18 li.o5 12.5 
2I4.68 0.372 9.01 1.06U 2.1i2 6.09 9.08 0.836 2.26 I4.78 11.9 
25.63 0.357 9.00 1.122 2.hh 6.70 9.60 0.977 2.3U 6.07 9.13 
26.38 0.3li7 8.99 1.226 2.U6 7.53 9>39 1.066 2.39 6.55 11.0 
27.78 0.330 8.97 1.395 2.58 9.0U 9.50 1.252 2.1i8 8.10 10.5 
29.08 0.315 8.96 1.560 2.66 10.6^ 9.0U 1.378 2.56 9.36 10.5 
30.U3 0.301 8.95 1.715 2.73 12.2 8.90 1.555 2.63 11.1 10.1 
31.23 0.293 8.92 1.836 2.75 13.5 8.85 i.6U6 2.67 12.1 10.1 
M = 361 .25 gm. S = 208. sq.cm./cu.cm. 
S = 7.1il0 gn./ml. On ~ 0*0322 cm. 
A. = 5.325 sq.cm. (1 f F„)_ = 1.3U9 
= 9.16 cm. /Or 0.997 ga./ml. 
Fke) 
^ O .0! LIY 
Table 60. Fluldlzation and hindered settling data and results for (65> 80) mesh galena in water 
(cm.) 
16.13 
16.53 
16.98 
17.68 
18.38 
19.38 
20.78 
21.98 
23.33 
2U.U8 
25.53 
26.63 
27.83 
-^ 3 xlO-' 
1 - & (poises) 
Flaidization Hindered settling 
0.1il9 
0.U09 
0.398 
0.383 
0.368 
0.3U9 
0.326 
0.308 
0.290 
0.271 
0.265 
0.251 
0.2ii3 
9.35 
9.35 
9.16 
9.16 
9.16 
9.16 
9.11i 
9.125 
9.11 
9.10 
9.075 
9.05 
9.01 
u 
cm. 
sec. 
0.58U 
0.636 
0.712 
0.805 
0.925 
1.068 
1.210 
1.372 
1.51iO 
1.700 
1.978 
2.070 
2.260 
M = 26U.15 gm. 
- 7.336 gm./ml. 
A = 5.325 sq.cm. 
IJQ •" baTJ cm. 
1 + F Re Kgd + Fke) 
2.00 
2.0U 
2.08 
2.13 
2.21 
2.26 
2.32 
2.39 
2.I46 
2.52 
2.63 
2.67 
2.71; 
u 
cm. 
sec. 
2.38 
2.65 
3.05 
3.58 
U.28 
5.21 
6.33 
7.61 
9.07 
10.6 
12.8 
lU.O 
16.1 
1 + F Re Kgd f Fj^ ) 
7.80 
7.66 
7.37 
7.20 
6.89 
6.71 
6.86 
6.87 
6.76 
6.76 
5.91 
6.08 
5.90 
S = 256. sq.cm./cu.cm. 
0.U70 1.92 1.96 9.81 
0.565 1.97 2.143 9.67 
0.692 2.05 3.08 8.35 
0.753 2.08 3.U8 8.59 
0.890 2.16 U.3U 8.22 
1.091 2.26 5.70 7.75 
1.213 2.31 6.71 7.89 
i.ia7 2.39 8.35 7.51 
1.7lt3 2.53 11.3 7.07 
1.852 2.56 12.6 7.16 
2.000 2.62 1U.2 7.11 
D- = 0.0270 cm. 
(1 + F )g = I.3I49 
/Or 0.997 gn./ml. 
c/ - e - o f 0 3^ 
2 ' 
Table 6l. Fluidization data and results for (10, 12) inagnesite in v/ater 
Le ==103 
(cm.) 1 - ^  (poises) sec. 
17.6 0.410 8.79 2.975 
18.3 0.394 8.78 3.370 
i9.il 0.372 8.78 3.835 
19.9 0.362 8.77 4.26 
21.0 0.343 8.77 5.09 
24.4 0.295 8.77 6.83 
30.4 0.237 8.76 8.04 
33.6 0.214 8.76 9.40 
41.6 0.173 8.75 10.82 
47.6 0.151 8.75 13.02 
M = 380.0 gin. S = 74.9 sq.cra./cu.cra. 
2.975 gra./inl. Dg = 0.2260 cm. 
A =: 17.72 sq.cra. (1 + F_)g = 1.465 
LQ = 7.019 cm. A>= 0.997 gni./ral. 
1 F X Pp Re Ked + Pke) 
11.4 44.0 6.02 
12.1 51.2 5.92 
12.8 62.6 6.01 
13.4 71.5 5.72 
14. § 90.0 5.25 
17.4 141. 5.05 
18.7 206. 6.39 
20.6 267. 5.86 
22.2 380. 6.52 
25.4 525. 4.84 
Table 62. Pluidization data and results for (12, lif) mesh magnesite in vjater 
u 
xlO-' cm. 
(cm.) 1 - e (poises) sec. 
12.9 0.1|l8 8.78 2. 280 
13.9 0.388 8.78 2.960 
IK'3 0.377 8.78 3.384 
lii.9 0.362 8.78 3.890 
16.0 0.337 8.78 4.52 
21.6 0.21^ 9 8.76 6.83 
35.1 0.154 8.76 10.20 
48.1 0.112 8.76 12.02 
M = 285.50 gni. 
S = 2.987 gm./ml. 
(1 + A = 17 .72 sq.cra. 
Lo = 5. 252 cm. 
1 4 Fp Re KeCl ^  Pke) 
8.61 28.8 5.90 
10.1 40.3 5.35 
10.8 47.5 4.95 11.6 56.8 4.69 
12.3 71.0 4.70 14.6 145. 5.32 
16.8 351. 5.40 
19.9 569. 6.37 
S = 86.0 sq. cm./cu. era. 
Dg = 0.1918 cm. 
'p)| = 
 ^/o = 0.997 gm./ml. 
Table 63. Fluidization data and results for (lij., I6) mesh raagnesite in vjater 
u 
xlO^  cm. 
(cm.) 1 - ^  (poises) sec. 1 + Re k^e^  
12.9 0.i|l7 8.68 1.522 6.Ik il|.7 5.19 
13.6 0.396 8.68 1.998 6.96 20.4 i.46 
15.9 0.338 8.67 3.^ 60 9.62 42.5 3.53 
18.9 0.285 8.66 5.11 11.3 72.4 3.28 
25.6 0.210 8.66 7.06 12.9 136. 3.71 
ijl.O 0.122 8.66 10.19 15.1 338. 4.27 
78.6 0.0695 8.66 12.00 I6.5 698. 5.58 
M = 286,75 gm. S = 114. sq. cra./cu. cm. 
S- 3.008 gra./ral. D- = 0.1582 cm. 
A = 17.72 sq.cm, (1 + Fp)s = 1.465 
LQ = 5. 238 cm.  ^- 0.997 gra./ral. 
0 5 
Table 6U> Fluldlzation and hindered settling data and results for (16, 20) mesh magnesite 
in water 
(cm.) 1 (poises) 
u 
cm« 
sec. 
Fluidization 
1 -f- F, Re 
u 
cm» 
sec. 
Hindered settling 
1 f. Ft Re Ml- k^e) 
lU.o O.U08 8.26 1.552 5.97 IS .3 U.7U — . — — — 
ll;.7 0.388 8.26 2.035 6.7U 21.1 U.21; — — — — 
15.5 0.368 8.26 2.510 7.U7 27.5 3.92 — — — — 
16.5 0.3146 8.2U 3.175 8.53 37.0 3.U8 — •> — — 
23.5 0.2ii3 8.2U 5.57 11.12 92.5 3.55 - - — — 
32.1 0.178 8.2U 6.95 12.05 158. U.39 — - — — 
3U.3 0.166 8.2U 7.17 12.18 17U. It.69 8.I48 13.38 206. 3.Ut 
I4II.6 0.128 8.2li 8.97 13.17 283. lt.33 8.12 12.75 256. 5.56 
58.6 0.0975 8.2h 9.81 13.92 It.06. 5.70 9.57 13.70 396. 5.58 
M = 300.0 gm. S = 120. sq.cm./cu. cm. 
<5" = 2.968 gm./ml. = 0.11;00 cm. 
A = 17.72 sq.cm. (1 + = 1.U65 
Lo ' 5.553 cm. /o = 0.996 gm./ml. 
Table 65. Fluidization and hindered settling data and results for (20, 2U) mesh magnesite 
in -water 
xlO^  
Fluidization Hindered settling 
„ u u 
cm. cm* 
(cm.) 1 - ^  (poises) sSTT. 1 •» Re KQ(1 
13.1 0.515 8.99 1.958 6.53 11.61; 0.98 - _ - -
18.U 0.367 8.99 lt.08 8.67 3li.l 1.13 
32.1 0.210 8.99 6.3h 10.15 92.5 1.93 8.60 12.02 125. 1.51 
1J5.1 0.150 8.99 8.51 11.1^ 8 I7li. 1.52 7.61 10.78 155 . 3.50 
58.6 0.115 8.99 9.36 11.83 21^ 9. 1.6U 7.6U 10.55 20U. 5.23 
23.9 0.282 8.95 5.13 9.^ 2 55.7 1.57 - - - -
28.U 0.238 8.95 5.68 9.68 73.U 1.91 - _ - -
20.9 0.323 8.95 lt.59 9.06 U3.6 1.36 _ - _ -
M = 353.60 gm. S = ll45. sq.cm./cu.cm. 
 ^- 2.957 gn./ml. Dg = 0.118U cm. 
A = 17.72 sq.cm. (l t F )g = 1.^ 65 
LQ = 6.750 cm, 0.997 gm./ml. 
Table 66. Fluidization and hindered settling data and results for (22;, 28) mesh mgnesite 
in "water 
Fluidization Hindered settling 
u u 
Le xlO^  C2ZI* cm* 
(cm.) 1-6 (poises) sec. 1 F^  Re Kg(l -f Fj^ g) sec. 1 -f Fp Re Kg(l -t Fj^ g) 
9.85 O.liOO 8.96 0.937 3M 6.h$ U.5l - - - -
11.9 0.331 8.96 2.185 5.33 18.2 2.89 - - - -
15.6 0.252 8.96 3.850 6.68 U2.0 2.U6 - _ - -
19.8 0.199 8.96 li.59 7.09 63.U 2.97 
2ii.lt 0a61 8.96 5.33 7.5U 91.0 3.2li _ - > -
3U.6 O.llU 8.96 6.21 8.03 150. U.OO 
h2,l 0.0935 8.96 6.65 8.2U 196. 3.78 
U6.6 O.O8I45 8.96 6.90 8.96 22U. U.27 
63.6 0.0619 8.96 7.82 9.70 3^ 8. 3.89 
M = 207.3 gm. S = 162. sq.cm/cu.cm. 
S - 2.973 gm./ml. Dg " 0.0963 cm. 
A = 17.72 sq.cm. (1 -f F )g = 1.1^ 65 
LQ = 3.831 cm. /o - 0.997 gm./ml. 
6.72 8.U7 162. 3.18 
7.35 8.86 216. 3.11i 
7.29 8.75 237. 3.85 
7.U0 8.72 328. 5.62 
Table 67* Flaidlzatlon and hindered settling data and results for (28^  32) mesh magnesite 
in irater 
Floidization Hindered settling 
A- u 
cm. 
u 
cm. xlO^  
(cm.) 1 -e (poises) sec. 1 +Fp Re k^e) sec. 1 + Fp Re Ke(l + Fj^e) 
31;.5U 0.310 8.68 1.873 U.56 16.8 U.oU 1.760 U.lUt 15.8 U.22 
38.lit 0.280 8.68 2.2U0 U.86 22.3 3.85 2.160 U.80 21.5 K.LH 
Ul.Ut 0.258 8.66 2.256 li.82 2lt.U U.70 2.510 5.06 27.2 U.08 
U7.2U 0.226 8.6U 2.9U0 5.36 36.U 1;.33 3.000 5.10; 37.2 U.ll; 
U3.7U 0.2l4i 8.625 2.665 5.17 30.6 U.23 2.650 5.16 30.U i;.26 
50.1i; 0.213 8.625 3.115 5.I46 la.o H.H2 3.2l;8 5.58 H2,8 it.ll; 
51.8U 0.206 8.625 3.225 5.5U ii3.9 li.33 3.260 5.56 iOi.U U.Uo 
32.6U 0.328 9.39 I.I18U 1)..06 11.7 U.13 l.li02 3.95 u.o U.l;l 
52.3U 0.20U 9.325 3.225 5.19 la.o U.19 3.3I4O 5.U2 1;2.5 3.91 
53.61 0.199 9.30 3.320 5.39 H3.H li.l7 3.ia5 5.1t6 14;.6 3.97 
55.lU 0.19U 9.20 3 MO 5.51 li6.U U.16 3.5ij5 5.60 U8.1 3.97 
56.8U 0.188 9.12 3.515 5.58 U9.6 U.li6 3.592 5.61 50.7 lt.l7 
M = 168.35 gms. 
6 = 2.958 ga./ml. 
A = 5.325 sq.cm. 
Lq = 10.58 cm. 
S « 165. sq.cm./cu.cm. 
D = 0.0809 cm. 
(1 ^ F )g = l.li65 
/or 0.997 gm./ml. 
Table 68. Fluidization and hindered settling data and results for (32, 35) mesh magnesite 
in water 
Fluidization Hindered settling 
 ^ u u 
(cm;) 1 -e 
xl03 
(poises) 
cm. 
sec. l^Fp Re Ke(l ^  Fj^e) 
cm. 
sec. Re K^ d + F, 
13.2U 0.U08 8.37 0.691 3.09 3.96 3.87 
13.5U 0.399 8.37 0.777 3.21 i;.55 3.66 - — — — 
13.8U 0.390 8.37 O.8I45 3.28 5.06 3.56 - - — — 
iii.2U 0.379 8.36 0.938 3.1^ 0 5.80 3.h7 - - - -
iU.51i 0.371 8.36 1.012 3.50 6.38 3.38 — — — — 
lii.89 0.363 8.33 1.082 3.59 7.00 3.51; - — - — 
16.0U 0.337 8.32 1.2it8 3.7U 8.70 3.1i7 - - — — 
17.Uli 0.310 8.32 1.527 U.OO 11.6 3.36 - — - -
19.Hi 0.282 8.30 1.858 li.28 15.6 3.28 - — — — 
20.7li 0.260 8.29 2.125 U.lifi 19.3 3.31 — - mm 
22.6U 0.239 8.29 2.380 U.IU 23.5 3.1;8 2.610 U.86 25.6 2.9U 
25.1U 0.215 8.28 2.720 U.88 29.9 3.57 2.8UO U.98 31.2 3.33 
27.3U 0.198 8.27 3.035 5.10 36.3 3.I43 3.110 5.1U 37.2 3.27 
28.51i 0.190 8.27 3.120 5.16 38.9 3.1;9 — - — — ^ 
28.6li 0.188 8.25 3.130 5.16 39.5 3.56 3.120 5.13 39.1; 3.59 
31.6U 0.171 8.25 3.315 5.27 1;6.1; 3.79 3.1;50 5.31; 1;7.9 3.58 
35.OU 0.15U 8.25 3.6U5 5.14; 56.1 1;.09 3.755 5.65 57.8 3.62 
38.lU 0.lii2 8.214 3.930 5.59 65.8 3.86 — — — — 
iii.iUi 0.130 8.21; li.Ol 5.61 73.2 1;.28 li.06 5.62 7h.2 1;.19 
50.61* 0.107 8.21; 1;.39 5.80 97.5 1;.76 li.i;6 5.8U 98.9 1.62 
M = 285.3 gm. S = 20I;. sq.cm./cu.cm. 
(f = 2.980 gm./ml » DR = 0.0699 cm. 
A =17.72 sq.cm. (1 + Fp)s = 1.U65 
gm./ml. L- = 5.260 cm. /0= 0.996 
^ ' D -O/I^ 7 
Table 69. Flaidization and hindered settling data and results for (35, H2) mesh niagnesite 
in "water 
Flaidization 
3^ 
(can.) 1 (poises) 
Hindered settling 
16.8U 
17.3U 
17.7U 
21.5U 
23.9li 
27 M 
32.lit 
36.lit 
36.lU 
la..3U 
H6,3K 
lt9.9li 
Sii.lU 
60.9U 
0.370 
0.360 
0.352 
0.289 
0.260 
0.228 
0.19lt 
0.173 
0.173 
0.151 
0.135 
0.125 
0.115 
0.103 
8.39 
8.U0 
8.38 
8.39 
8.36 
8.35 
8.35 
8.3U 
8.33 
8.1i25 
8.1t5 
8.14t 
8.1425 
8.1i2 
u 
cm. 
sec. 
0.652 
0.8lt6 
1.038 
1.310 
1.618 
2.011t 
2.1tlt0 
2.755 
2.755 
3.055 
3.300 
3.U72 
3.630 
3.850 
M = 329-1 gm. 
(f - 2.977 gm./ml. 
A = 17.72 sq.cm. 
XiQ ™ 6.075 cm. 
1 ^ F„ Re K«(l + Fj^ ) 
2.76 
2.99 
3.2lt 
3.1i2 
3.66 
3.9U 
U.20 
lt.39 
U.39 
U.50 
ii.63 
U.70 
3.32 
it.88 
3.37 
U.U8 
5.61t 
8.65 
11.9 
17.0 
2lt.2 
30.6 
30.6 
38.5 
lt6.1; 
52.7 
60.1 
71.2 
3.66 
2.91 
2.3U 
3.02 
2.9U 
2.88 
2.92 
2.9lt 
2.95 
3.0U 
3.15 
3.21 
3.33 
3.1i3 
u 
cm. 
sec. 
1.528 
1.710 
2.070 
2.500 
2.800 
3.060 
3.3lt0 
3.500 
3.680 
3.950 
1 ^ F Re Kgd -r F^ e) 
3.58 
3.75 
3.96 
U.25 
It.Ul 
lt.5l 
It.66 
lt.72 
lt.80 
lt.9lt 
S 5= 2U9. sq.cm./cu.cm. 
Dg ® 0.057lt cm. 
(1 + Fp)g = IMS 
p = 0.996 gm./ml. 
10.1 
12.6 
17.lt 
2lt.8 
31.2 
38.6 
lt7.0 
53.2 
61.0 
73.0 
2.50 
2.73 
2.83 
2.81 
2.87 
3.0lt 
3.06 
3.11i 
2.67 
3.22 
F 0. 0)1-
•3 
Table 70. Fluidiaation and hindered settling data and results for (lj2, U8) mesh magnesite 
in water 
(cm.) 
18'.73 
19.53 
21.03 
22.18 
23.58 
26.13 
27.73 
29.63 
31.83 
33.98 
37.53 
la.83 
li6.83 
51.U3 
1 -e 
0.351 
0.3U7 
0.313 
0.297 
0.279 
0.252 
0.238 
0.222 
0.207 
0.19U 
0.176 
0.157 
o.iia 
0.128 
/<-
xlo3 
(poises) 
8.99 
8.99 
9.00 
9.00 
9.01 
9.01 
9.02 
9.02 
9.02 
9.02 
9.02 
9.00 
8.99 
8.98 
Fluidization Hindered settling 
u 
cm. 
sec. 
0.58U 
0.656 
0.783 
0.900 
l.oUo 
1.217 
1.3U3 
1.505 
1.662 
1.828 
1.998 
2.220 
2.1t20 
2.570 
M = IOU.50 gm. 
S = 2.981 gm./ml. 
A = 5.325 sq.cm. 
I* Q— 6.65 cm. 
1 + Fp He Ked + F^ e) 
2.I46 
2.5U 
2.62 
2.75 
2.82 
2.95 
3.05 
3.17 
3.26 
3.37 
3.U5 
3.56 
3.68 
3.75 
2.90 
3.30 
U.35 
5.27 
6.1t7 
8.37 
9.79 
11.8 
13.9 
I6.3 
19.7 
2h.6 
29.9 
35.0 
U.09 
3.70 
3.93 
3.78 
3.68 
3.7U 
3.72 
3.65 
3.61i 
3.56 
3.70 
3.8U 
3.88 
U.07 
u 
cm. 
sec. 
0.7140 
O.8UO 
0.968 
1.200 
1.352 
1.508 
1.678 
1.820 
2.025 
2.280 
2.500 
2.690 
1 gp Re * Fke) 
2.58 
2.66 
2.76 
2i9k 
3.Oh 
3*16 
3.26 
3.36 
3.U7 
3.61 
3.7U 
3.82 
S = 255. sq.cm./cu.cm. 
Dg = 0.0U83 cm. 
U.n 
U.92 
6.03 
8.27 
9.85 
11.8 
lii.l 
16.3 
20.0 
25.2 
30.9 
36.6 
I1.20 
li.lO 
li.OO 
3.82 
3.69 
3.65 
3.59 
3.58 
3.62 
3.62 
3.67 
3.71 
(1 + Fp)g = l.li65 
/^ = 0.997 gm./ml. 
J . 5 . 0 y i?i3 J 
Table 71. Fluidizatlon and hindered settling data and results for (1^ 8, 60) mesh magnesite 
in water 
Fluidizatlon Hindered settling 
(cm.) 1 
20.98 
21.88 
22.33 
2U.88 
26.148 
28.23 
31.58 
3U.83 
38.63 
la.93 
50.03 
61.83 
7U.73 
0.303 
0.291 
0.285 
0.255 
0.2U0 
0.225 
0.201 
0.183 
0.165 
0.152 
0.127 
0.103 
0.0851 
xlo3 
(poises) 
8.99 
8.99 
8.99 
8.99 
8.99 
8.98 
8.97 
8.95 
8.9U 
8.91 
8.90 
8.86 
8.8U 
u 
cm. 
sec. 
0.623 
0.701 
0.79U 
0.929 
1.050 
1.178 
1.320 
1.507 
1.690 
I.8U0 
2.072 
2.35U 
2.560 
M = 102.65 @ns. 
~^ 3.035 gm./ml. 
A = 5.325 sq.cm. 
LQ = 6.35 cm. 
2.3li 
2.U0 
2.U8 
2.56 
2.6U 
2.72 
2.80 
2.90 
3.00 
3.15 
3.21 
3.35 
3.U3 
Re 
3.15 
3.69 
U.27 
5.58 
6.70 
8.03 
10.1 
12.7 
15.8 
18.7 
25.2 
35.5 
I16.9 
Kg(l + Fv») ke-
li.32 
li.07 
3.70 
3.89 
3.78 
3.70 
3.9lt 
3.8U 
3.89 
3.86 
U.23 
li.56 
5.02 
u 
cm. 
sec. 
0.59li 
0.663 
0.767 
0.898 
1.025 
1.125 
1.352 
1.536 
1.720 
1.862 
2.170 
2.500 
2.675 
2.32 
2.38 
2.I16 
2.51i 
2.62 
2.68 
2.92 
2.92 
3.03 
3.10 
3.26 
3.U3 
3.U9 
S •• 290. sq.cm./cu.cm. 
Dg = O.OUOU cm. 
(1 + Fp)g = l.li65 
Re Kq(1 + F ke' 
3.00 
3.U9 
U.I3 
5.39 
6.5U 
7.65 
10.3 
12.8 
16.1 
18.9 
25.U 
37.7 
1I8.9 
it.ia 
I4.33 
3.86 
it.05 
3.90 
3.9U 
3.77 
3.76 
3.78 
3.82 
3.89 
1 .^02 
U.56 
vO 
/o = 0.997 gm./ml. 
/ ; £> • 0/ -/"j' 
'P 
Table 72. Fluidization and hindered settling data and results for (60, 65) raesh magnesite 
in water 
Fluidization 
6^ 
(cm.) 
18.68 
20.1a 
22.33 
2H.0S 
25.73 
27.83 
30.83 
33.93 
39.53 
U6.03 
51.13 
26.03 
1 -E 
0.352 
0.322 
0.295 
0.273 
0.256 
0.236 
0.213 
0.19U 
0.166 
0.1U3 
0.129 
0.253 
3^ xlO-* 
(poises) 
9.075 
9.075 
9.09 
9.09 
9.10 
9.10 
9.10 
9.10 
9.09 
9.08 
9.075 
9.05 
Hindered settling 
u 
cm. 
sec. 
0.3185 
0,U22 
0,526 
0,62U 
0.730 
0.8U9 
0.995 
1.135 
1.287 
l.ii38 
1.602 
0.731 
M » 103.90 gms. 
6 - 2.970 gm./ml. 
A = 5.325 sq.cm. 
1 f F Re Kg(l + Fj^ )^ 
1.9U 
2.0U 
2.IU 
2.21 
2.28 
2.36 
2.LIK 
2.52 
2.58 
2.65 
2.71 
1.20 
1.80 
2.10; 
3.13 
3.90 
U.91 
6.38 
8.00 
10.6 
13.8 
17.0 
2.30 3.97 
U.67 
U.30 
U.12 
U.Ol 
3.82 
3.70 
3.67 
3.63 
3.96 
ii.26 
U.I9 
3.91 
u 
cm. 
sec, 
0.377 
0.1i99 
0.609 
0.705 
0.818 
0.985 
1.130 
1.350 
1.518 
1.695 
Re Kg(l+Fke) 
2.01 
2.12 
2.20 
2.26 
2.3U 
2.U3 
2.51 
2.60 
2.68 
2.77 
LQ = 6.57 cm 
S * 321. sq.cm./cu.cm. 
Dg - 0.0339 cm. 
(1 + Fp)g = l.li65 
/o = 0.997 gm./ml. 
1.61 
2.32 
3.06 
3.76 
U.73 
6.32 
7.95 
11.1 
II4.5 
18.0 
U.63 
li.37 
li.l3 
U.oo 
3.88 
3.72 
3.65 
3.69 
3.88 
3.75 
J £5'i 
Table 73. Fluidization and hindered settling data and results for {6$ ,  80} mesh magnesite 
in water 
Fluidization Hindered settling 
(cm.) 1 - e  
X 
xlO^ 
(poises) 
u 
cm. 
sec. i + Fp Re y i  +  Fj^) 
u 
cm. 
sec. Be + fke> 
19.88 0.35U 8.775 0.2685 1.81 0.98 U.72 
20.08 0.350 8.775 0.2828 1.83 1.05 U.58 0.273 1.82 1.01 lt.77 
21.08 0.333 8.775 0.3015 1.8U 1.18 U.86 0.288 1.83 1.12 5.12 
22.18 0.317 8.775 0,3U85 1.88 1.U3 H.67 0.332 1.87 1.36 U.93 
23.ii3 0.300 8.78 o.Uooo 1.93 1.73 U.55 0.392 1.93 1.69 U.66 
25.73 0.27U 8.775 0.U90 2.02 2.32 li.U2 O.U83 1.99 2.28 it.5o 
27.83 0.252 8.80 0.585 2.08 3.00 H.2H 0.572 2.05 2.9U ii.36 
30.13 0.233 8.80 0.678 2.1I4 3.76 U.12 0.670 2.1It 3.72 lt.l8 
33.28 0.211 8.81 0.793 2.21 U.85 ii.08 0.793 2.20 U.85 U.06 
37.83 0.186 8.80 0.9U2 2.28 6.55 I1.28 0.916 2.28 6.6U 3.98 
l;3.73 0.161 8.77 1.108 2.36 8.92 U.03 * — — 
U3.13 0.163 8.75 1.098 2.36 8.76 U.oi 1.115 2.38 8.90 3.92 
52.73 0.133 8.73 1.225 2.1i0 12.0 li.68 1.3l;0 2.U7 13.1 U.oo 
61.93 o.nU 8.70 1.390 2.1+9 15.9 I1.75 • —  —  
62.53 0.112 8.68 1.389 2.19 16.2 U.91 1.535 2.55 18.0 U.03 
75.73 0.0927 8.68 1.567 2.55 22.2 5.10 1.662 2.60 23.5 U.50 
M = 111.85 gm. s - 351. sq.cm./cu.cm. 
6 = 2.986 gm./ml. 
A = 5.325 sq.cm. 
- 7.0lt cm. 
Dg = 0.0278 cm. 
(1 + Fp)s = l.ii65 
P= 0.997 gm./ml. 
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